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CHAPTER 1: INTRODUCTION TO ORGANIC SOLAR CELLS (OSCS) 
1.1 History of OSCs 
 The beginning of the development of organic photovoltaics (OPV) was marked by the initial 
observation of photoconductivity in an organic compound, anthracene [1].  The first observation 
was by Pochettino in 1906 [2]. In the 1960s, it was discovered that many common dyes have 
semiconducting properties; such dyes were among the first organic compounds to demonstrate 
the photovoltaic (PV) effect [1].  In 1958 Kearns and Calvin fabricated solar cells out of 
magnesium phthalocyanines (MgPh), producing a photovoltage of 200 mV [3].  Polymer-based 
solar cells, investigated in the 1980s, showed initially low power conversion efficiencies (PCEs) 
on the order of ~0.1% [4-5].  The active layer was usually a single layer of either a dye or a 
polymer [4-5] until 1986 when Tang fabricated a donor-acceptor heterojunction (HJ) structure, 
which improved the device efficiency to ~ 1% [6]. HJ solar cells were intensively studied, 
including small molecule HJ solar cells [7] and the introduction of the first polymer:C60 bulk HJ 
(BHJ) photodetector in 1994 [8].  BHJ solar cells consist of a mixed donor/acceptor active layer 
with donor-rich and acceptor-rich domains on the order of 10 nm.  Fullerenes have high electron 
affinity and electron mobility, favorable qualities for BHJ solar cells. The BHJ solar cells 
alleviated the limitations of low exciton diffusion lengths and charge separation found in 
polymer only and HJ solar cells.  Following their introduction, extensive research has been 
conducted on polymer:fullerene BHJ solar cells.  Significant enhancement in the PCE [9-21] up 
to ~11%, was achieved by e.g., using low bandgap polymers [9-18] and developing approaches 
aimed at controlling the morphology of the active layer utilizing thermal annealing [19], solvent 
annealing [20], mixed solvents [12-21], and additives [9-15].  Recently Heliatek has developed a 
13.2% PCE multijunction OPV [22]. 
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 Since the sun is abundant and free, direct conversion of solar energy to electricity is very 
appealing.  Hence, OSCs development continues due to their potential as a low cost, lightweight, 
flexible, clean and renewable energy source, despite some shortcomings, in particular, their long-
term stability, whose understanding is an ongoing R&D effort.   
1.2 Introduction to 𝝅 conjugated materials 
 The organic molecules used as the active layer in OPVs are 𝜋-conjugated compounds.  They 
have single and double, or single and triple bonds alternating throughout the molecule or 
polymer backbone.  The main component in these organic 𝜋-conjugated compounds is carbon, 
and in its ground state it has the configuration 1s²2s²2p².  Carbon 2s and 2p orbitals hybridize to 
sp, sp² and sp³ orbitals as in ethyne or acetylene (CHCH), ethene or ethylene (CH2CH2) and 
methane (CH4), respectively, as shown in Fig. 1 [23]. 
Fig. 1. (a) sp hybridization in ethyne, (c) sp² hybridization in ethene and (c) sp³ hybridization in 
methane. 
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Looking at an ethyne molecule in detail (Fig. 1(a)), the carbon atoms are sp hybridized 
generating two sp orbitals 180º apart, and 𝑝𝑦 and 𝑝𝑧 orbitals perpendicular to the plane of the sp 
orbitals.  For each carbon atom, one sp hybrid orbital overlaps with the neighboring one to 
produce one sigma (𝜎) bond and the remaining sp orbitals overlap with the 1s hydrogen atom 
orbitals to form a C-H 𝜎 bond.  The 𝑝𝑦 and  𝑝𝑧 orbitals of the carbon atoms overlap to produce 𝜋 
bonds.  In ethene, the carbon atoms are sp² hybridized and each carbon generates three sp² hybrid 
orbitals which are coplanar and 120º apart.  For each carbon there is one remaining unhybridized 
𝑝𝑧 orbital, which is perpendicular to the plane of the sp² orbitals.  The two 𝑝𝑧 orbitals overlap to 
produce a 𝜋 bond [23] as seen in Fig. 1(b).  To form a sigma bond, for each carbon atom one sp² 
hybridized orbital overlaps with that of the second carbon atom.  For methane, the carbon is sp³ 
hybridized, producing four sp³ hybrid orbitals 109.5º apart.  Four 𝜎 bonds are produced from 
each of the carbon sp³ hybrid orbital overlapping with 1s orbitals of the H-atoms [23].  𝜋 bonds 
allow delocalization of 𝜋 electrons, which are responsible for the semiconducting properties of 
𝜋-conjugated polymers and small molecules.  As shown in Fig. 2, the combination of 2𝑝𝑧 
orbitals results in formation of a two molecular orbitals, a bonding and an anti-bonding 
molecular π orbital [24].  Each energy level can only be occupied by two electrons according to 
the Pauli Exclusion Principle.  Molecules containing more carbon atoms have more bonding and 
antibonding orbitals with different energies, and the energy levels broaden into quasi-continuous 
bands for carbon atoms going to infinity [24].  The highest occupied molecular orbital (HOMO) 
is the highest molecular orbital that contains electrons at 0K and the lowest unoccupied 
molecular orbital (LUMO) is the lowest molecular orbital containing no electrons at 0K.   
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Fig. 2. Schematic representation of molecular orbital splitting and formation of quasi continuous 
energy bands of occupied and unoccupied molecular orbital states [24]. 
An excited state is formed by exciting an electron from the occupied molecular orbitals to the 
unoccupied molecular orbitals, which are analogous to the conduction and valence band, 
respectively, of a semiconductor.  The least amount of energy needed to excite an electron is 
from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital 
(LUMO).  The bandgap corresponds to the difference between the HOMO and LUMO, and it is 
the minimum photon energy in absorption and radiative emission optical transitions. The π 
conjugated materials used in OSCs should have strong absorption in the solar spectrum regime 
and materials whose absorption extends into the infrared region are preferred since ~ 52%-55% 
of solar radiation lies in the infrared region [25] as can be seen in Fig. 3 [25]. 
 
Fig. 3. Solar irradiance spectrum above the atmosphere and at earth surface [25]. 
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Fig. 4 below shows examples of 𝜋 conjugated polymers used in OSCs fabrication [26]; poly[N-
9″-hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT),  
poly(4,4-dioctyldithieno(3,2-b:2',3'-d)silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl) 
(PSBTBT), poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]-dithiophene)-alt-4,7-
(2,1,3-benzothiadiazole)] (PCPDTBT),  2-methoxy-5-(2-ethylhexyloxy)-polyphenylenevinylene 
(MEH-PPV), poly(3-hexylthiophene) (P3HT), and poly((4,8-bis (octyloxy) benzo (1,2-b:4,5-b׳) 
dithiophene-2,6-diyl) (2-((dodecyloxy) carbonyl) thieno(3,4-b) thiophenediyl)) (PTB1).  [6,6]-
phenyl-C-butyric acid methyl ester (PCBM) is a fullerene derivative that is commonly used as an 
acceptor in BHJ OSCs. 
 
Fig. 4. Examples of 𝜋 conjugated polymers and PCBM, a fullerene derivative used in OSC 
fabrication. The polymers shown are: PCDTBT, PSBTBT), PCPDTBT, MEH-PPV, P3HT, and 
PTB1 [26].
Significant work is ongoing to improve the electrical properties of π conjugated 
materials, such as higher hole and electron mobilities and close to ideal HOMO and LUMO 
levels for stronger solar spectrum absorption and consequently higher PCEs.  Presently, fullerene 
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derivatives such as PC60BM and PC70BM are the dominant acceptor materials used in BHJ solar 
cells due to their very good electron transport properties and three-dimensional charge transport 
because of the spherical shape [27].   
1.3 Structure and working principles of solar cells 
1.3.1 OSCs structure and working principle 
Fig. 5 shows different solar cell structures.  Fig. 5(a) shows a single layer solar cell with 
an organic semiconductor between two electrodes.  In converting solar energy into electricity, 
the first step is the absorption of light by the organic semiconductor, which results in the 
generation of bound electron-hole pairs called excitons.  Typical organic semiconductors used in 
OSC fabrication have low dielectric constants ~ 3-4 [28], which results in high exciton binding 
energies ≥ 0.3 eV. Moreover, the exciton diffusion length is short ~ 10 nm.  Thus, for a single 
layer OSC, exciton dissociation is very inefficient and low efficiencies typically less than 0.1% 
result [4,5,29].  To increase exciton dissociation, a planar heterojuction solar cell, shown in Fig. 
5(b), can be used [6,29] with an acceptor material next to the donor material. When the donor 
absorbs light and an exciton is formed, it diffuses to the donor-acceptor (D-A) interface. The 
offset in energy at the D-A interface drives dissociation of excitons.  Acceptors have a high 
electron affinity, thus when the exciton dissociates, the acceptor accepts the electrons and the 
holes remain on the donor as shown in Fig. 5(d). The electrons on the acceptor diffuse to the 
cathode and the holes diffuse to the anode where they are collected.  Planar heterojunction solar 
cells have a higher efficiency than the single layer ones because of the increased dissociation of 
excitons and separation of holes and electrons, which reduces recombination.  However, the 
small exciton diffusion length (~10nm) and small area of the D-A interface where exciton 
dissociation occurs, restricts the efficiency of the solar cells [29]. 
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Fig. 5. Schematic illustration of (a) single layered organic solar cell, (b) planar-heterojunction 
device (PHJ), (c) bulk heterojunction solar cell and (d) exciton dissociation at the donor–
acceptor heterojunction. 
Following exciton formation in the donor of a BHJ solar cell, the exciton may relax 
(recombine) when it is unable to diffuse to the HJ interface and dissociate [30].  For excitons that 
make it to the HJ interface, geminate recombination may occur, which is the recombination of 
charge pairs shortly after exciton dissociation (within ~ 100 ns after dissociation) [28].  
Geminate recombination involves a pair of charge carriers generated from the same exciton, 
which is a result of the difficulty to separate dissociated charges in organic materials [28].  Non-
geminate (also referred to as bimolecular) recombination, which is the recombination of charge 
carriers dissociated from excitons generated by different absorption events, can also occur 
[28,30-32]. These limits are mitigated by mixing the donor and acceptor to make an active layer 
that has interpenetrating and bi-continuous networks of phase separated D-rich and A-rich 
domains, i.e., BHJ, as shown in Fig. 5(c).  The BHJ structure provides a large interfacial area for 
charge separation and reduced exciton recombination due to the shorter distance that the electron 
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diffuses before reaching the D-A interface.  Controlling the size of the D-rich and A-rich 
domains allows improvement of exciton dissociation, charge transport and charge collection 
efficiency.  There are two main structures of BHJ solar cells: standard and inverted as shown in 
Fig. 6. 
 
Fig. 6. Comparison in direction of charge transport in (a) standard and (b) inverted solar cell 
structures. 
The standard structure of BHJ polymer solar cells typically consists of indium tin oxide 
(ITO) as the anode, PEDOT: PSS (poly(ethylenedioxythiophene) poly(styrene sulfonate)) on top 
as the hole transport layer followed by the polymer:fullerene blend, where the polymer is the 
donor and the fullerene is the acceptor, and calcium/aluminum as the cathode.  When the 
polymer absorbs sunlight, excitons are generated.  The polymer:fullerene mixture is made by 
dissolving both materials in a common solvent such as 1,2-dichlorobenzene (DCB) and spin-
coating the mixture.  Drying the active layer slowly results in small domains (~10 nm) of 
disordered mutually penetrating networks of the polymer-rich and fullerene-rich domains.  When 
exposed to water and oxygen (as in ambient air), PSCs degrade rapidly due to oxidation of the 
polymer and fullerene, which may be accelerated in the presence of light, and results in a 
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decrease in the active layer conductance and reduced carrier mobility [33]. Furthermore, there is 
degradation of the PSCs that is attributed to PEDOT:PSS. PEDOT:PSS is hygroscopic and 
absorbs water from the ambient, which results in an increase in the sheet resistance of the solar 
cells [33]. One-way to avoid the use of PEDOT:PSS in order to increase the stability and 
efficiency of solar cells is by employing the inverted device structure. In inverted solar cells, the 
electric charges exit the device in an opposite direction compared to the standard device (Fig. 
6(b)).  As explained earlier, dissociated charges have to be collected by the electrodes to 
contribute to photocurrent. However, excitons near the organic/metal cathode interface in 
standard PSCs are quenched, and do not contribute to photocurrent [34]. To suppress exciton 
quenching, an electron-blocking layer (EBL) is introduced between the active layer and the metal 
contact. To block excitons, the material used should be a good electron transport layer (ETL) and 
have a high bandgap to prevent optical excitation. One such material is bathophenanthroline 
(BPhen) [34-36], which efficiently blocks excitons (and holes).  BPhen has a high electron-
mobility and long-term stability [37]. To further improve its transport properties BPhen can be n-
doped by Cs2CO3, CsI, CsF, LiF or CsCl [38].   
1.3.2  Solar cell parameters 
Fig. 7 shows the equivalent circuit as well as the J-V characteristics of a solar cell [39].  
 𝐼𝐿 is the light generated current, the diode represents the bias dependent loss of current due to 
recombination, 𝑅𝑠 is the series resistance, and 𝑅𝑆𝐻 is the shunt resistance [40].   
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Fig. 7. (a) Equivalent circuit [39] and (b) light I-V curve of a solar cell. 
 
In I-V measurements, voltage across a cell is varied over a desired range, and the corresponding 
collected current is given by 
𝐼 =  −𝐼𝐿 +   𝐼0𝑒𝑥𝑝 [
𝑞(𝑉+𝐼𝑅𝑠)
𝑛𝑘𝑇
] +  
𝑉+𝐼𝑅𝑠
𝑅𝑆𝐻
                           (1.1) 
Where 𝐼0 is the saturation current and n is the ideality factor (a number between 1 and 2). 
Fig. 7(b) is the I-V curve of a solar cell.  For an ideal solar cell, 𝑅𝑠 ~ 0 and 𝑅𝑆𝐻 ~ ∞ and in the 
dark,  𝐼𝐿 = 0, the dark I-V reflects the diode’s characteristics (second term in Equation 1.1).  In 
the presence of light, the curve shifts along the vertical y axis by an amount equal to the light 
generated current, −𝐼𝐿.  𝑉𝑜𝑐, the open circuit voltage, is the maximum voltage from an OSC, 
which occurs when the net current through it is zero.  The short circuit current, 𝐼𝑠𝑐, is the 
maximum current obtained when the voltage across the OSC is zero.  At the point of maximum 
power, 𝐼𝑚𝑝 and 𝑉𝑚𝑝 are the corresponding voltage and current values.  The fill factor (FF) is the 
ratio of the maximum power to the product of the 𝑉𝑜𝑐 and 𝐼𝑠𝑐.   
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FF = 
𝐼𝑚𝑝𝑉𝑚𝑝
𝐼𝑠𝑐𝑉𝑜𝑐
              (1.2) 
The power conversion efficiency (PCE) of a solar cell is given by, 
PCE =  
𝑉𝑜𝑐𝐼𝑠𝑐𝐹𝐹
𝑃𝑖𝑛
           (1.3) 
Where Pin is the input power of the light incident on the solar cell.  In this work Pin = 100 
mW/cm2 (~1X solar intensity).  
The External Quantum Efficiency (EQE) of an OSC at a specific wavelength (𝜆) is the ratio of 
the number of collected charge carriers to the number of incident photons of a given wavelength: 
EQE (λ) = 
# 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠 (𝜆)
# 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 (𝜆)
              (1.4) 
The EQE provides a measure of how efficiently incident photons are converted to usable power 
output.  Given the EQE and absorption spectra of a solar cell, the internal quantum efficiency 
(IQE) can be calculated.  The IQE at a specific 𝜆 is the ratio of the number of collected charge 
carriers to the number of photons of a given λ absorbed by the OSC. 
Several factors such as absorption, morphology, mobility, and recombination affect 𝐼𝑠𝑐.  
The higher the absorption, the higher the  𝐼𝑠𝑐.  Generally absorption efficiency increases as the 
thickness of the active layer increases for thicknesses on the order of nanometers that are 
employed in OSCs.  According to the Beer-Lambert Law 
𝜂 = 1 − 𝑒−𝛼𝐿              (1.5) 
where η is the wavelength-dependent absorption efficiency, α is the absorption coefficient, and L 
is the optical path length [41].  The thicker the active layer the longer the optical path length and 
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the higher the absorption efficiency.  However, there are challenges associated with the active 
layer’s charge transport, such as dead ends in charge transport pathways and low hole mobilities 
in conjugated polymers [42], which lead to increased charge recombination and larger 𝑅𝑠 as the 
thickness increases.  Thus, optimization is necessary to reduce recombination and increase 
absorption of the active layer.  Morphology control is very important for BHJ solar cells to get 
optimized interpenetrating networks of polymer and acceptor that enable exciton dissociation 
over a small diffusion length (~10 nm) and to optimize charge transport.  Several approaches to 
optimize morphology have been utilized [9-20].  In P3HT, it has been shown that thermal 
annealing increases interchain interaction, increasing delocalization of π conjugated electrons, 
and thus lowering the bandgap [19].  This results in higher absorption and increased carrier 
mobility in the active layer, which enhances the performance of the solar cells.  Solvent 
annealing was shown to increase the self-organization of polymers in BHJ structures, which 
leads to reduced 𝑅𝑠 and increased FF, hence a higher PCE [20].  The use of additives has been 
shown to improve the miscibility of the polymer and the fullerene forming an active layer that 
has improved interpenetrating networks that enhance exciton dissociation and charge transport 
[16].  Low bandgap polymers improve the PCEs by absorbing more sunlight at longer 
wavelengths (infrared), which results in larger short circuit current densities (Jsc) [9-18] and Voc 
by lowering the highest occupied molecular orbital (HOMO) of the polymer [10].    
In OSCs, it has been reported that the 𝑉𝑜𝑐 is linearly related to the difference between the 
HOMO level of the donor and the LUMO level of the acceptor with an empirical formula: 
𝑉𝑜𝑐 = (1/𝑞)(|𝐸𝐻𝑂𝑀𝑂,𝑑𝑜𝑛𝑜𝑟|-|𝐸𝐿𝑈𝑀𝑂,𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟| − 0.3𝑉)      (1.6) 
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Where q is the elementary charge, 𝐸𝐻𝑂𝑀𝑂,𝑑𝑜𝑛𝑜𝑟 is the HOMO level of the donor and 
𝐸𝐿𝑈𝑀𝑂,𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟 is the LUMO level of the acceptor [43-46].  In general, 𝑉𝑜𝑐 stems from the 
splitting of electron and hole quasi-Fermi energy levels caused by illumination as shown in Fig.8 
and given by:  
𝑉𝑜𝑐 = (
1
𝑞
)(𝐸𝐹𝑛 −  𝐸𝐹ℎ)      (1.7) 
Where 𝐸𝐹𝑛  and 𝐸𝐹ℎ  are the electron and hole quasi-Fermi levels in the acceptor and donor 
respectively. 
 
Fig. 8. The difference in the quasi fermi levels of electrons in the acceptor and of holes in the 
donor gives the 𝑉𝑜𝑐. 
As mentioned, the morphology, that is the packing of polymer domains, affects the bandgap of 
the polymer [19], which affects the 𝑉𝑜𝑐 of OSCs.  Higher crystallinity and optimized packing of 
the polymer increases the 𝑉𝑜𝑐.  Saturation current density affects 𝑉𝑜𝑐 as given by equation 1.8 
𝑉𝑜𝑐 =
𝑛𝑘𝐵𝑇
𝑞
ln (
𝐽𝑝ℎ
𝐽0
+ 1)             (1.8) 
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where 𝑘𝐵 is the Boltzmann constant, T is the temperature, 𝐽𝑝ℎ is the photo current density, and 𝐽0 
is the reverse saturation current density [44].   
As seen from equation 1.8, the lower the reverse saturation current density, the higher the 
𝑉𝑜𝑐.  For BHJ solar cells that utilize [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) 
(LUMO level of -4.2 eV) as the acceptor, and with an offset of at least 0.3 eV between the 
LUMO level of the donor and acceptor, a minimum polymer LUMO of -3.9 eV is required.  A 
polymer with a deeper HOMO increases the 𝑉𝑜𝑐, but the bandgap also increases, which decreases 
the amount of light absorbed. Since about 70% of the solar energy is in the 380 to 900 nm range, 
an ideal polymer that optimizes 𝑉𝑜𝑐 and 𝐽𝑠𝑐 would have a bandgap of ~1.4-1.5 eV [47], with a 
HOMO level of -5.4 eV and LUMO level of -3.9 eV [47-48].  𝑅𝑆𝐻 affects 𝑉𝑜𝑐; when it is low, 
there are alternate low resistance paths for light-generated current, which lead to power losses 
and reduced 𝑉𝑜𝑐  [49]. 
The FF is mainly affected by charge mobility, collection, and resistances.  A mismatch 
between hole and electron mobility can lead to charge accumulation either in the polymer or 
PCBM domain, which results in the lowering of the built-in electric field, reducing charge 
collection.  Also charges trapped in the active layer lead to increased trap-assisted recombination 
leading to inefficient charge collection, reducing the FF. Optimized organic/electrode interfaces 
enhance charge collection and hence FF.   
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Fig. 9. Effect of (a) 0Ω series and high shunt resistance and (b) high series resistance (c) low 
shunt resistance and (d) both high series and low shunt resistances on the FF a solar cell. 
Fig. 9 shows the effect of 𝑅𝑠 and 𝑅𝑆𝐻 on the FF.  The intersection of the squares and I-V 
curves show the maximum power point (𝑃𝑚𝑎𝑥).  According to equation 1.2, the ratio of 𝑃𝑚𝑎𝑥 to 
the product of the 𝑉𝑜𝑐 and 𝐼𝑠𝑐 gives the FF.  Increased series resistance and decreased shunt 
resistance reduce the FF.  Optimizing the morphology and organic/electrode interface to reduce 
resistance effects and improve charge transport and collection optimizes the FF for a given 
polymer:acceptor BHJ solar cell. 
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1.3.3 Additional approaches to enhance PCE 
In addition to optimizing the processing conditions and morphology of OSCs for existing 
materials and utilizing novel device structures for PCE enhancement, significant efforts have 
been directed into developing new materials, particularly low bandgap polymers.  An interesting 
class of low-bandgap polymers is a series composed of alternating benzo[1,2-b:4,5-
b’]dithiophene (BDT) and thieno[3,4-b]-thiophene (TT) units (denoted PBDTTTs) [9,11], which 
exhibit high PCEs (up to 9% for standard solar cells and 10% for inverted cells) for 
polymer:fullerene bulk heterojunction (BHJ) solar cells. These polymers have a high absorption 
in the long wavelength region up to ~ 740 nm and high charge carrier mobilities [50,51]. 
Research is ongoing to investigate the effects of different side chain groups, optimize their 
intermolecular interaction, molecular chain packing, and characterizing how they affect charge 
transport, 𝑉𝑜𝑐, and 𝐽𝑠𝑐 for PCE enhancement [9].  Research for alternatives to fullerenes as 
electron acceptors is also ongoing.  For example, polymer acceptors that lead to 
polymer/polymer BHJ solar cells may have a potential advantage since polymer acceptors can 
allow for fine tuning of morphological, electronic and optical properties and hence optimized 
performance of the solar cells [50].  The use of interlayers has been shown to enhance the PCE 
by improving charge collection [18,52-53].  For example, incorporating an alcohol/water-soluble 
conjugated polymer, poly [(9,9-bis(3′-(N,N-dimethylamino) propyl)-2,7-fluorene)-alt-2,7-(9,9–
dioctylfluorene)] (PFN) as an interlayer between the active layer and the cathode leads to a 
simultaneous enhancement in 𝐽𝑠𝑐, 𝑉𝑜𝑐 and FF in low bandgap thieno[3,4-
b]thiophene/benzodithiophene (PTB7) solar cells [18].  The PFN interlayer was found to 
enhance the built in field across the device and the electrical field at the interface between the 
active layer and cathode, resulting in both electron and hole charge transport and collection 
 17 
 
efficiency enhancement [18].  Also, PFN blocks holes from reaching the cathode reducing 
recombination [18].  
Optical approaches have also been employed to enhance PCE.  Optimized active layers 
for OSCs are very thin leading to high optical losses because of inadequate light trapping [54].  
To further boost efficiency, approaches that enhance the optical path length by trapping light in 
the active layer are utilized.  These approaches include using textured substrates [42], gold and 
silver nanoparticles in the hole transport layer (HTL) and/or active layer [55-58] and microlens 
on the light incident side of OSCs [41,59] as shown in Fig. 10.   
Fig. 10. (a) Devices made on a textured substrate, (b) schematic illustration of light travelling in 
devices with microlens (solid black lines) and without microlens (dashed red line) in standard 
OSCs. 
Textured substrates with sub-micrometer feature heights and over 1 𝜇m pitch have been shown 
to allow conformal spin-coating of the active layer [42].  K. S. Nalwa et al showed a 100% 
increase in light absorption near the band edge and a 20% increase in 𝐽𝑠𝑐, which resulted in a 
20% increase in the PCE, by employing textured substrates with a feature height of 300 nm and a 
pitch of 2 𝜇m [42].  The absorption enhancement was due to trapping of light in the active layer.  
Light that reaches the Al cathode in Fig. 10(a) is diffracted back into the active layer due to the 
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periodic structure and the reflectance of the Al electrode.  The diffracted light has a longer path 
length in the active layer and most of it undergoes total internal reflection at the ITO anode 
leading to trapping of light in the active layer.  Use of microlens on the incident side has been 
shown to improve the PCE of OSCs [41,59].  Fig. 10(b) shows the schematic illustration of an 
OSC with a microlens array.  Without a microlens array, light that is incident in the active layer 
perpendicular to the substrate and is reflected at the reflective electrode has a path length of 2t, 
where t is the thickness of the active layer.  Due to the curved surface of a microlens array, light 
incident will be at a non-normal angle and it will be refracted and enter the active layer at an 
angle 𝜃 to the normal resulting in a path length 2t/cos (𝜃), which is longer than 2t. The microlens 
lead to reduced reflection due to the fact that light reflecting from one microlens can strike a 
neighboring microlens at an angle that allows it to be transmitted into the active layer [41].  The 
increase in absorption leads to higher 𝐽𝑠𝑐 and hence enhanced PCE.  The main advantage of using 
microlens is that it does not affect active layer deposition techniques or environments since it is 
attached on the outer surface of the device and the efficiency enhancement is independent of the 
light incident angle [41]. 
1.4 Fabrication methods 
OSCs are fabricated using solution processing and thermal evaporation.  Solution 
processing involves casting, spin-coating, doctor blading, screen printing and ink-jet printing 
[60].  Spin-coating is mainly used in laboratories for fabricating polymer solar cells.  The spin-
coating process is shown in Fig. 11(a).  The main disadvantage of the process is that it depends 
on many factors such as the solubility of the material and viscosity of the solution, as well as  the 
drying rate, which depends on the solvent’s volatility, and other parameters such as the 
temperature and air flow that are not always easy to control, and hence affect reproducibility.  
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The advantage is that for making solutions with a dopant, the constituent ratios are easy to 
control. 
 
Fig. 11. (a) Process of spin-coating (b) thermal evaporator system. 
Thermal evaporation as shown in Fig. 11 (b) is used mainly for fabricating small molecule solar 
cells, as well as for evaporating metals for contacts and metal oxides.  Substrates are loaded into 
the chamber facing down and a patterned shadow mask is placed on the substrate.  A voltage 
supply is connected to a source, on which a crucible with the material of interest is loaded.  A 
high current passes through the source, heating it resistively.  At a suitable temperature, the 
material in the crucible starts to evaporate, condensing on the substrate.   
1.5 Application of OSCs 
OSCs have many advantages over inorganic ones.  OSCs are very thin (on the order of 
500 nm for the whole device), and hence light-weight and can be fabricated on flexible substrates 
resulting in flexible devices that can be made transparent with the use of transparent electrodes. 
Resultantly, they can be used in numerous applications such as incorporation in flexible 
electronics, windows, roofs and walls [61].  They can be easily integrated with organic light 
emitting diodes (OLEDs) for analytical applications [62].  The absorption spectra can be tuned 
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and charge transport properties can be improved by synthesis of new materials.  However, the 
major disadvantage of OSCs is their short operational lifetime.  They degrade when exposed to 
air, moisture, and light. 
1.6 Degradation of OSCs 
Unencapsulated OSCs degrade in ambient air due to moisture and oxygen.  Oxygen and 
water can diffuse into the device via pinholes in the top electrode [63] and via porous substrates; 
they can diffuse through all the OSC layers. Under illumination in air, UV light forms 
superoxides which aggressively attack the organic layers [33].  Different organic materials have 
different degrees of vulnerability to such degradation. Uptake of oxygen by the active layer 
causes it to expand, forming protrusions in the outer electrode further degrading the device [33].  
Some polymers are susceptible to photo-oxidation leading to device degradation and other 
polymers such as P3HT form charge transfer complexes with oxygen [33].  In the presence of 
moisture and impurities, chemical/ electrochemical reactions take place at the ITO and Al 
electrodes corroding them and resulting in impurity diffusion into the active layer.  Illumination 
of lights speeds up electrode corrosion [64].  This results in reduced charge collection efficiency 
and increased metal impurities in the active layer.  For OSC structures that incorporate 
PEDOT:PSS as the HTL, due to the hygroscopic nature of PEDOT:PSS, water is absorbed, 
increasing the cell’s 𝑅𝑠.  Moreover, the PSS component has been shown to diffuse into the active 
layer where it probably reacts with the materials [33].  In the absence of oxygen and moisture, 
OSCs degrade under illumination.  Recent theoretical calculations suggest that such 
photodegradation may be due to C-H [65-66], and/or C-O-C [67] bonds rearrangement/breaking, 
which result in a change of fundamental properties such as increase in midgap defects of the 
polymer, defects at the interface between the polymer and the fullerene, decreased hole mobility 
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[63,64,68] and decreased charge collection efficiency.  Defects introduce recombination centers 
and sites where charge accumulate creating charged point sites.  Traps enhance free carrier loss 
due to trap-assisted recombination [69].  Accumulated charge affects the electrostatic potential in 
the device, which can reduce the exciton diffusion length and hence exciton dissociation. It 
reduces also the carrier mobility and hinders charge transport.  Each of these effects contributes 
to losses in 𝐽𝑠𝑐, 𝑉𝑜𝑐, FF and hence PCE [69]. 
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CHAPTER 2: EXPERIMENTAL SETUP AND CHARACTERIZATION TECHNIQUES 
2.1 Introduction 
To characterize the performance of organic solar cells (OSCs), several measurements are 
performed, including current density-voltage (J-V) to analyze the short circuit current density 
(Jsc), the open circuit voltage (Voc), the fill factor (FF), and the power conversion efficiency 
(PCE).  External quantum efficiency (EQE) measurements provide information regarding the 
light absorption spectrum and charge collection.  Subgap QE and density of states (DOS) 
measurements provide an analysis of midgap defects in the polymer and at or near the 
polymer:fullerene interface for bulk heterojunction (BHJ) solar cells.  To analyze hole and 
electron mobility, space-charge limited current (SCLC) measurements are performed. 
Continuous wave (CW) dark and light-induced electron paramagnetic resonance (EPR) 
measurements in BHJ films enable analysis of defects at the atomic scale, charge generation, and 
trapping.  Moreover, CW EPR allows the analysis of the role of the polymer, fullerene, and the 
donor/acceptor (D/A) interface in defect generation.  
2.2 Light and dark current density voltage (J-V) measurements 
The J-V curve exhibits the overall performance of a solar cell.  For light J-V 
measurements, the device under test is irradiated with 1X sun intensity (100 mW cm2⁄ ) and the 
current is measured while sweeping the external voltage.  An ELH bulb was used as the solar 
simulator in this work.  The measurement setup, within and outside a N2-filled glovebox, is 
shown in Fig. 2.1.  
 27 
 
 
Fig. 2.1. Setup for J-V measurements in (a) ambient atmosphere and (b) the glovebox. 
   Both setups include a Keithely source meter for the J-V measurements and a power 
source for the ELH lamp, which was cooled by a fan. The light intensity was monitored with a 
calibrated Si photodiode.  All OSCs studied in this work were bottom illuminated.  For dark J-V 
measurements, the samples and probes were enclosed and the glovebox and room lights were 
turned off for measurements.  Typical forward bias dark J-V curves are shown in Fig 2.2. 
 
Fig 2.2. Dark J-V characteristics of an OSC. 
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The dark J-V relationship of an OSC follows the equation 2.1 [1]: 
𝐽 = 𝐽01 [exp (
𝑉−𝐼𝑅𝑆
𝑛1𝑘𝑇
) − 1] + 𝐽02[exp (
𝑉−𝐼𝑅𝑆
𝑛2𝑘𝑇
) − 1] +
𝑉+𝐼𝑅𝑆
𝑅𝑆𝐻
           (2.1) 
Where 𝐽01 and 𝐽02 are saturation current densities, 𝑛1 and 𝑛2 are ideality factors, A is the pixel 
area, k is Boltzmann constant and T is the temperature in kelvin and V is the applied voltage. 
There are three main distinct regions of the dark J-V curve.  For V < 0.1 V, 𝑅𝑆𝐻 is dominant.  It is 
a result of pinholes and defects that create alternate current paths. The current in the exponential 
region 0.2 <V < 0.4 is represented by the first part of equation (2.1).  Ideally, 𝑛1 = 2 and this 
region is dominated by generation-recombination current due to deep trap states at the donor-
acceptor (D/A) interface in BHJ solar cells [2-4].  The region 0.4 <V< 0.6 is the diffusion limited 
current region.  Band to band recombination of electrons from the lowest unoccupied molecular 
orbital (LUMO) of the fullerene to the highest occupied molecular orbital (HOMO) of the 
polymer dominates and the ideal 𝑛2 = 1 [2].  In the region V> 0.8 series resistance leads to the 
current saturation and deviation from exponential behavior and is represented by the last term in 
equation 2.1. 
2.3 External quantum efficiency (EQE) measurements 
The EQE, which is the ratio of collected charge carriers to the number of incident 
photons gives a measure of how efficiently photons are harvested by the solar cell (SC).  Fig. 2.3 
shows the schematic of the QE measurement setup. 
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Fig. 2.3. Schematic of the QE measurement setup. 
A beam of white light from a tungsten halogen lamp enters a monochromator exiting through a 
slit.  The latter is translated to a 13 Hz alternating current (AC) by an optical chopper and then 
passes through a collimating lens and filters, which suppress noise from high order harmonics 
produced by the monochromator grating structure.  A mirror redirects the beam to the device 
being tested.  A pre-amplifier and lock-in amplifier collect the signal from the tested device.  The 
pre-amplifier enhances the signal by ~6 orders of magnitude.  The lock-in amplifier is 
synchronized with the chopper through a reference signal, which enables it to isolate the signal 
from the device from noise that may be caused by ambient light and electromagnetic 
interference.  The reading from the lock-in amplifier gives the QE spectral response of the 
device.  An external voltage source allows the measurement of EQE under DC bias to investigate 
issues of carrier collection at the electrodes.  To calculate the absolute EQE of the OSC, a silicon 
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solar cell reference with a known device area and QE at corresponding wavelengths is used.  The 
following equation is used to calculate the absolute EQE of the solar cell: 
Abs EQE (λ) = 
𝑆𝑖𝑔𝑛𝑎𝑙 𝑓𝑟𝑜𝑚 𝑠𝑎𝑚𝑝𝑙𝑒 (𝜆)
𝑆𝑖𝑔𝑛𝑎𝑙 𝑓𝑟𝑜𝑚 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (𝜆)
 ×  
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑐𝑒𝑙𝑙
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
 × QE of reference (λ)       (2.2) 
2.4 Subgap quantum efficiency 
To investigate deep defects within the polymer and at the interface between the polymer 
and fullerene in BHJ organic solar cells (OSCs), subgap QE measurements are performed.  
Subgap QE provides very important information about the nature of traps within the bandgap and 
the corresponding energetic location.  Fig. 2.4 shows the setup for subgap QE measurements.   
 
Fig. 2.4. Schematic of the subgap QE measurement setup. 
A halogen tungsten lamp provides white light that passes through a manual monochromator, 
giving out narrow wavelengths of light. The monochromator outputs light energy as low as 0.8 
eV.  Mirrors below the stage redirect light onto the sample on the stage.  Probes on the stage are 
connected to the current preamplifier and lock-in amplifier. To calculate the absolute subgap QE 
of the OSC, silicon and germanium reference SCs with a known device area and QE at 
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corresponding wavelengths were used.  Equation 2.2 was used to calculate the absolute subgap 
QE.
2.5 Density of states (DOS) 
Capacitance-Voltage (CV) measurements are used to estimate the flatband voltage (𝑉𝐹𝐵) 
and the width of the depletion layer within OSCs. The measurements are done at a fixed 
frequency of 1 kHz.  These values, together with capacitance-frequency (CF) measurements, are 
used to calculate the DOS.  The depletion width is given by [5] 
𝑤 =  √
2𝜀(𝑉𝐹𝐵−𝑉)
𝑞𝑁𝐴
                   (2.3) 
Where 𝑉𝐹𝐵 is the flat band voltage, V is the applied DC bias, 𝑁𝐴 is the dopant density and 𝜀 is the 
permittivity of the material.  The capacitance is given by: 
𝐶 =  
𝜀𝐴
𝑤
                   (2.4) 
Where A is the pixel area.  Combining equation 2.3 and 2.4 results in the following equation: 
(
𝐴
𝐶
)
2
=
2(𝑉𝐹𝐵−𝑉)
𝑞𝜀𝑁𝐴
                  (2.5) 
Plotting (
𝐴
𝐶
)
2
 vs V, the x-axis intercept gives 𝑉𝐹𝐵 and 𝑁𝐴 can be derived from the slope of the 
line in forward bias.  CF measurements are based on trapping and de-trapping of charges in 
defect states inside the bandgap [6,7] and the emission speed depends on the energetic location 
of the traps.  The rate of emission of electrons from states in the bandgap to the conduction band 
is given by 
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𝑒𝑛 =  𝑣0exp (−
𝐸𝐶−𝐸𝑇
𝐾𝐵𝑇
)            (2.6) 
Where 𝑒𝑛 is the emission rate, 𝐸𝐶  is the conduction band, 𝐸𝑇 is the energy level of a trap, 𝐾𝐵 is 
the Boltzman constant, and T is temperature in Kelvin.  𝑣0 is the attempt to escape frequency and 
some trap states (𝐸𝑇1, 𝐸𝑇2, 𝐸𝑇3) are shown in Fig. 2.5.   
Fig. 2.5. Trap response in CV measurements of electrons with 𝑤3> 𝑤2>𝑤1. 
𝑤1 represents the emission rates for deep traps, and for capacitance measured at frequencies 
lower than, 𝑤1, all gap states, 𝐸𝑇1, 𝐸𝑇2, 𝐸𝑇3 respond to  the applied signal and contribute to 
capacitance.  When the input frequency is increased (for instance to 𝑤2), deeper traps (𝐸𝑇1) do 
not respond since they have relatively lower  emission rates and hence do not contribute to the 
measured capacitance resulting in lower capacitance values.  Generally electron/hole traps closer 
to the conduction/valence band have high emission rates whereas those in the middle of the 
bandgap have lower emission rates.  If the frequency of perturbation is low enough that all trap 
states can re-emit trapped charges, the capacitance reflects the density of defect states (DOS) in 
the bandgap. The DOS is calculated by equation 2.7 which uses the derivative of the capacitance 
with respect to the frequency [6].       
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𝑔(𝐸𝜔) =  −
𝑉𝐹𝐵
𝑞𝑤𝐾𝐵𝑇
𝑑𝐶(𝜔)
𝑑𝑙𝑛(𝜔)
       (2.7)
Where 𝑔(𝐸𝜔) is the density of states, C is the capacitance, 𝜔 is the angular frequency, 𝑉𝐹𝐵 is the 
flat-band voltage of the solar cell, w is the thickness of the depletion layer, 𝐾𝐵 is the Boltzmann 
constant, T is the temperature in Kelvin, and 𝐸𝜔 is related to frequency by: 
𝐸𝜔 =
𝐾𝐵𝑇
𝑞
𝑙𝑛(𝜔0 𝜔) ⁄        (2.8) 
where 𝜔0 = 2𝜋𝑣0 is the angular attempt to escape frequency and 𝜔 is the angular frequency of 
the input signal.  DOS measurements were obtained by measuring the capacitance as a function 
of frequency (in the range 1 Hz to 200 kHz) C(f) at 98 mV and as a function of voltage C(V) at 1 
kHz using a HIOKI LCR meter at room temperature in the dark. 
2.6 Space charge limited current (SCLC) 
The SCLC method is one of the easy ways to measure mobility in semiconductors.  The 
semiconductor whose charge mobility is to be measured should be sandwiched between two 
electrodes, at least one of which should form an ohmic contact [8]. Indium tin oxide (ITO), 
Aluminum (Al), and gold (Au) are commonly used as metal contacts in making OSCs and 
poly(3,4-ethylenedioxythiophene) (PEDOT:PSS) is a commonly used hole transport polymer.  
With the proper choice of electrodes, hole or electron mobilities can be measured.  For instance, 
to measure hole and electron mobilities, the structures ITO/PEDOT:PSS/Polymer/Au (for 
polymers such as P3HT (poly(3-hexylthiophene) [8]  and PBDTTT-EF-T [9]) and Al/Acceptor/ 
(Cesium Carbonate)𝐶𝑠2𝐶𝑂3/Al (for acceptors such as [6,6]-phenyl-C-butyric acid methyl ester 
(PCBM)), respectively, are used.  Mobility measurements were performed in the glovebox with 
the sample connected to a Keithley source. During each measurement, the sample was kept in the 
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dark and the current (using the current source) and corresponding voltage were recorded.  In the 
low voltage region, the current increases linearly and traps are not filled by the injected charge.  
In the high applied voltage region, all traps get filled by the injected charges that move freely 
with a current density (J) to voltage (V) relationship given by [8]: 
𝐽 =  
9
8
ɛ0ɛ𝑟µ
𝑉2
𝑡3
       (2.9) 
Where ɛ0 is the vacuum permittivity, ɛ𝑟 is the dielectric constant of the film, t is the thickness of 
the active layer, µ is the mobility, J is the applied current density, and V is the measured voltage .  
From Eq. 2.9, the mobility can be calculated from the slope of a J vs V² plot [8].   
2.7 Absorption 
To measure absorption of thin films, transmittance measurements were obtained using a 
CARY 5000 spectrophotometer and reflection measurements were obtained using a HR4000 
spectrometer.  The relationship between % transmittance (T), % reflection (R), and % absorption 
(A) is A+T+R=100% so, A=100%-T-R.  Fig. 2.6 shows a simplified schematic of the 
transmittance measurement by the carry [10].  The diffraction grating disperses light and the 
aperture selects a single wavelength based on the angle of incidence.  The detector measures the 
amount of transmitted light. 
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Fig. 2.6.  Simplified schematic of the transmittance measurement by the carry. 
2.8 Electron paramagnetic resonance (EPR) 
The continuous wave (CW) EPR) spectrometer (Fig. 2.7) consists of a resonator that is 
designed to resonate at a specific microwave frequency, in our case at 9.8 GHz.   
 
Fig 2.7. Setup of an EPR spectrometer. 
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A sample to be measured is placed in the resonator that is located between two electromagnets 
that vary the magnetic field depending on the amount of current running through them.  As the 
strength of the magnetic field is varied, the resonance is detected by a decrease of the microwave 
energy reflected out of the resonator.  Such energy change is due to the interaction of the 
magnetic field and unpaired charges in a sample as shown in Fig. 2.8.  
 
Fig 2.8. (a) Minimum and maximum energy states of the electron spin with respect to the applied 
magnetic field (𝐵0) [11].  (b) Splitting of electron spins into two distinct energy states at the field 
of resonance [12]. 
The energy differences studied in EPR spectroscopy are due to the Zeeman Effect.  An electron 
has a magnetic moment and it acts like a bar magnet when placed in a magnetic field B0.  Its 
lowest energy state is when the moment of the electron, μ, is aligned with the magnetic field and 
the highest energy state is when the moment of the electron is aligned against the magnetic field 
as shown in Fig. 2.8 (a).  The parallel and antiparallel states are designated as Ms = - ½ and Ms = 
+ ½ respectively.  The energy states are given by [13]: 
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𝐸 = 𝑔𝜇𝐵 𝐵0 𝑀𝑠 =  ±
1
2
𝑔 𝜇𝐵 𝐵0   (2.10) 
ΔE = hν = 𝑔 𝜇𝐵𝐵0   (2.11) 
where g is the g-factor, a proportionality constant ≈ 2 for organics, but its exact value varies 
based on the electronic configuration of the particular radical.  𝜇𝐵 is the Bohr magneton, a 
natural unit of the electronic magnetic moment [14].  The g-factor, g = 
ℎ 𝜈
𝜇𝐵𝐵0
 is independent of the 
microwave frequency and it can uniquely identify some compounds.  Resonance occurs at the 
field strength that corresponds to the energy splitting of the spin states of an unpaired charge, as 
shown in Fig. 2.8(b).  Every spectrum peak represents transitions between the spin states of 
unpaired charges.   
Looking at the instrumentation in deeper detail, Fig. 2.9 shows the function of each part 
of the system. 
 
Fig 2.9. Diagram of a typical CW EPR spectrometer [12]. 
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The microwave bridge contains the microwave irradiation source and the detector.  The sample 
is placed in a resonator, which is a microwave cavity that amplifies the sample’s weak signals.  
The console contains the electronics for signal processing, controlling the magnet, microwave 
bridge and computer.  The computer is used to coordinate all the units for acquiring a spectrum 
and analyzing the data.   
 
Fig 2.10. Block diagram of a microvave bridge [11]. 
Fig. 2.10 shows the block diagram of a microwave bridge; point A is the microwave source 
whose output power cannot be easily varied.  Point B is the variable attenuator, which which 
blocks some of the microwave radiation allowing a precise and accurate control of the flow of 
microwave radiation.  Point C is the circulator.  Microwaves getting into the circulator via port 1  
exclusively go to the cavity ( Point D) via port 2.  Reflected microwaves from the cavity are 
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directed to the detector through port 3.  A diode (point E) detects the reflected microwaves and 
converts the microwave power to an electrical current.  For optimal sensitivity, the diode should 
operate at high power levels (greater than 1 mW) where diode current has a linear relationship 
with square root of the microwave power.  The reference arm (point F) insures that the detector 
is in that range by supplying some extra microwave power (bias) and there is a phase shifter to 
make sure that the bias microwave power is in phase with the reflected signal [11].  The 
microwave cavity is a rectangular or cylindrical shaped metal box, which resonates with 
microwaves and amplifies weak signals from the sample.  At resonance, energy is stored in the in 
the cavity and no microwaves are reflected back.  EPR has been used for microscopic 
characterizing of charge accumulation sites in polymer [15] and small molecule [16] solar cells.  
The advantage of this method is the ability to directly observe accumulated charge carriers [15]. 
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Abstract 
We demonstrate improved power conversion efficiency (PCE) and strongly enhanced 
stability of inverted organic solar cells (OSCs) with Cs halides by solution casting BPhen (4,7-
di(phenyl)-1,10-phenanthroline) on the halide layer and ~100 nm polystyrene beads (PSB) on the 
blank side of the OSC. The PCE of ITO/CsCl/P3HT:PCBM/MoO3/Al (where P3HT is poly 3-
hexylthiophene and PCBM is [6,6]-phenyl-C60-butyric acid methyl ester) improves by up to 
46%, from 2.5% to ~3.7%, by adding a solution-processed BPhen layer between the CsCl and 
the active layer. For such cells with CsI (PCE ~ 3.3% - 3.4%) the increase was only 6% - 9%, to 
3.5% - 3.7%. The PCE of cells devoid of the halides but with BPhen was ~3.3%. The cells were 
optimized by varying the BPhen concentration in a chlorobenzene solution. The results are 
consistent with reduced charge recombination at the ITO interface in the presence of the hole 
blocking BPhen interlayer. The use of hole blocking BCP (2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline), as a substitute for BPhen, also showed an enhancement (though lower due to its 
lower electron mobility), verifying the effect of these materials as hole blocking interlayers. 
Interestingly, the stability of such non-encapsulated devices with CsCl/BPhen or CsI/BPhen 
improved significantly. For example, the PCE of unencapsulated cells with CsCl/BPhen kept in 
the dark under ambient conditions dropped by less than 2% after more than 3 weeks; the PCE of 
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similar cells devoid of the BPhen layer dropped by ~60% during the same period. The PCE of 
the cell with CsCl/BPhen dropped by ~16% after two months. High humidity, as expected, 
resulted in faster deterioration in cell performance. The PCE, however, was restored to within 
~10% of the original value for two week old cells by solution-application of a PSB layer on the 
blank side of the cell’s glass substrate. These beads direct and scatter the light to enhance 
absorption in the active layer. The results demonstrate that a simple approach such as casting a 
film of ~100 nm diameter PSB from an aqueous suspension on the blank side of the OSC 
substrate can improve long-term performance, and that spin coating BPhen is a low-cost and 
easy approach to reduce charge recombination at the cathode in inverted structures for increased 
PCE and stability.  
 
3.1 Introduction   
Organic solar cells (OSCs) have attracted extensive attention due to their potential as a flexible, 
lightweight, and low-cost renewable energy source. Significant achievements have been made in 
improving the devices’ power conversion efficiency (PCE) [1-5], and considerable efforts are 
continuing in an attempt to understand degradation mechanisms and increase OSCs’ lifetimes [6-
11]. Recently, the application of exciton blocking layers (EBLs) in mostly standard OSCs has 
drawn increasing attention as EBLs were shown to improve both the PCE and stability [12,13]. As 
is well known, excitons generated under illumination in the OSC active layer must diffuse to the 
donor/acceptor (D-A) interface and dissociate. The dissociated charges should be collected by the 
electrodes to contribute to the photocurrent. However, excitons near the organic/metal cathode 
interface in standard OSCs are quenched, and hence do not contribute to the photocurrent [14]. To 
suppress this mechanism, an EBL is introduced between the active layer and the metal contact. To 
block excitons, the material used should possess, in addition to being a good electron transport 
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layer (ETL), a high bandgap to prevent optical excitation. Examples of such materials are 
bathocuproine (BCP) and bathophenanthroline (BPhen) [14-16], which efficiently block the 
excitons. However, the lifetime of a small-molecule solar cell with BCP was reported to be a few 
hours or even less without encapsulation [17], possibly due to the tendency of BCP to crystallize, 
especially in a moist environment, yielding micron size domains [18]. BPhen was proven to be 
superior to BCP in terms of electron-mobility and long-term stability [19,20], although the energy 
levels of the two materials are comparable.  As is well established, the predominant degradation 
in OSCs is due to in-diffusion of moisture and oxygen [21-23]. The major in-diffusion path is 
through the top electrode rather than the edges of the device [24,25], so a thicker EBL adjacent to 
the top electrode is desired to block the penetration of ambient gas molecules to improve the device 
lifetime in addition to the PCE. However, the thickness of EBLs such as BPhen and BCP is limited 
by their high bandgap [14, 26], with thicker EBLs significantly increasing the series resistance, 
deteriorating device performance. One approach to overcome this issue is to n-dope the BPhen or 
BCP to assist in electron transport [27,28]. 
BPhen as an EBL has not been used often in inverted OSCs. It was recently co-evaporated with 
Cs2CO3 in inverted P3HT:PCBM-based OSCs, resulting in an improved PCE [29]. The PCE of 
such cells increased in optimized designs due to improved energy level alignment at the 
ITO/Cs2CO3:BPhen/PCBM interface, increased conductivity in the Cs2CO3:BPhen ETL, and hole 
blocking by BPhen. In contrast, a device with thermally evaporated BPhen only (without Cs2CO3) 
showed a significantly lower PCE [29].  
In this study we explored the use of solution-processed BPhen and, for comparison, BCP in 
inverted OSCs of the structure: ITO/CsCl or CsI/BPhen/P3HT:PCBM/MoO3/Al. For 
comparison, an OSC with no halide, but only a thin BPhen layer was also tested. The PCE of the 
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OSCs with halide/BPhen reached ~3.5% - 3.7%, while that of the cell with only BPhen was up to 
~3.3%, significantly higher than that of a cell with thermally evaporated BPhen [29]. The 
halide/BPhen cells generally showed a higher PCE. It is possible that by spin-coating BPhen on 
top of CsCl an effect equivalent to n-doping the EBL is achieved [30].  
In a previous study, we showed that CsI spin cast from an aqueous solution can be used in 
such inverted OSCs as a cathode interlayer to yield a maximal PCE of ~3.4%, comparable to the 
PCE we obtained with the standard Cs2CO3 layer cast from an organic solution. The PCE for the 
inverted OSCs with CsCl typically reached only ~2.5% [31]. That is, we observed a significant 
improvement for the OSCs with only BPhen and more so for OSCs with CsCl/BPhen in 
comparison to the cell with only CsCl. For the OSCs with CsI, we observed a smaller 
enhancement of ~6-9% in the PCE. The results show that the solution-cast hole blocking BPhen 
layer in inverted OSCs at the ITO cathode enhances both the PCE and the stability, reducing 
charge recombination at the organic/cathode interface. When the inverted OSCs with CsI/BPhen 
were exposed to ambient conditions of high relative humidity (RH ~80%), the cells’ attributes 
were, as expected, inferior and degradation was obviously faster. Interestingly, we show that a 
film made of ~100 nm diameter polystyrene beads (PSB), deposited on the blank side of the 
OSC’s substrate, increases the short circuit current (Jsc) and PCE significantly due to redirection 
and scattering of the light to enhance absorption in the active layer. The use of the PSB film 
offers an easy approach to potentially improve devices in an analogous way to microlens arrays 
fabricated by photolithography [32,33].  
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3.2 Results and discussion 
3.2.1 Effect of solution-processed BPhen interlayer 
 
a. J-V characteristics 
 
 
 
 
 
 
 
 
 
 
 
The PCE of the inverted ITO/CsCl/P3HT:PCBM/MoO3/Al OSCs was greatly improved by 
introducing a BPhen interlayer between the CsCl and the P3HT:PCBM active layer. These OSCs 
with BPhen interlayers were optimized in terms of their J-V, EQE, and PCE characteristics by 
monitoring the effect of the BPhen concentration and the annealing temperature of the BPhen 
layer. The annealing temperature in the range 40°C to 100°C had a minor effect on the PCE. By 
changing the BPhen concentration from 0 mg/ml to 20 mg/ml, the PCE improved by up to 46% 
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Fig.1. The effect of the BPhen interlayer on the J-V characteristics of inverted OSCs with 
CsCl. The interlayers were fabricated from various solution concentrations: 5 mg/ml (solid 
triangles), 10 mg/ml (solid squares), 15 mg/ml (solid circles), and 20 mg/ml (open 
squares). The J-V in the absence of a BPhen layer (solid stars) is shown for comparison. 
 46 
 
with an optimal BPhen concentration of ~10 mg/ml compared to OSCs with only CsCl, as shown 
in Fig. 1 that shows the J-V curves for several BPhen concentrations. The open circuit voltage 
(Voc) and Jsc reached maximal values of 0.61 V and 10.5 mA/cm
2, respectively, increases of 
16.3% and 10.9%; the fill factor (FF) increased by 13.3%. Once the BPhen concentration 
exceeded 15 mg/ml, the OSCs’ performance deteriorated with increased series resistance RS (see 
Table 1) and reduced Voc, Jsc, and FF. The improved OSC attributes with BPhen is due to the 
layer’s hole-blocking effect and its higher electron mobility [19,29]. We speculate that the 
electron mobility may be enhanced further by doping of BPhen with Cs.   
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Fig. 2. The J-V characteristics of inverted cells with CsCl/BPhen (solid squares), 
BPhen (solid circles) and CsCl (solid triangles) interlayers. The BPhen layer was 
spin-coated from a solution of 10 mg/ml BPhen in CB (see Fig. 1).  
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Figure 2 compares the J-V characteristics of inverted cells with CsCl/BPhen, BPhen only, 
and CsCl only. The attributes of these cells, as well as those with CsI, are summarized in Table 
1.  By substituting CsCl with BPhen or CsCl/BPhen, the Voc improved from ~0.53 V with CsCl 
to ~0.59 V with BPhen and 0.61 V for the optimized CsCl/BPhen. Jsc improved from ~9.5 
mA/cm2 to 10.5-10.7 mA/cm2 with the slightly higher current with the BPhen only layer. 
However, the FF (57.9%) of the inverted cell with CsCl/BPhen was repeatedly higher than the 
FF (52.7%) of cells with BPhen only, in accordance with the larger Rs in the latter. It is therefore 
possible that CsCl dopes the BPhen, reducing Rs. RS is higher for the cell with only CsCl due to 
the formation of an almost stoichiometric insulating film (Cs:Cl ~1.4:1), unlike the situation with 
the CsI layer where the Cs:I ratio is ~8:1 [31]. 
Table 1. Device characteristics of inverted OSCs with CsCl, CsI, BPhen, CsCl/BPhen and 
CsI/BPhen interlayers. The effect of different BPhen concentrations in CB is also shown. The 
active layers were dried under a Petri dish for 40 min followed by thermal annealing at ~140oC 
for ~10 min. 
Interlayer BPhen Conc 
(mg/ml) 
VOC 
(V) 
JSC 
(mA/cm2) 
FF 
(%) 
RS 
(Ω) 
RSH 
(kΩ) 
PCE 
(%) 
CsCl 
（0.5 mg/ml） 
0 0.53 9.47 51.1 107 5.07 2.55 
5 0.59 9.63 57.0 73.0 8.97 3.26 
10 0.61 10.50 57.9 68.6 9.04 3.72 
15 0.61 10.60 56.1 74.6 5.73 3.61 
20 0.52 7.65 43.2 343 2.9 1.71 
CsI 
（0.6 mg/ml） 
0 0.60 9.63 57.2 64.2 6.34 3.31 
10 0.58 10.24 59.2 60.1 5.32 3.51 
0 10 (BPhen only) 0.59 10.70 52.7 85.8 8.84 3.32 
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b. EQE  
 
 
 
 
 
 
 
 
 
 
 
The EQE values of the inverted cells with CsCl, BPhen, or CsCl/BPhen interlayers are shown 
in Fig. 3(a). As expected from the Jsc values (see Table 1), the EQE of the cells with CsCl only 
was the lowest, with the EQE for cells with Bphen slightly higher than that of cells with 
CsCl/BPhen. Figs. 3(b)-(d) show the EQE of cells with and without a bias voltage. Under -0.1 V, 
the change in the EQE of cells with Bphen or CsCl/BPhen is minimal, while the EQE of cells 
with CsCl only changed significantly. Under -0.5 V, the EQE of cells with BPhen or CsCl/BPhen 
was slightly higher than without a bias, while the EQE of cells with CsCl only increased by 
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Fig. 3. EQE of inverted cells with CsCl/BPhen, BPhen, or CsCl as interlayers at 
various bias voltages: (a) 0 V: CsCl/BPhen (solid squares), BPhen (solid circles) and 
CsCl (solid triangles); and (b) CsCl/BPhen, (c) BPhen and (d) CsCl at 0 V (squares), -
0.1 V (circles) and -0.5 V (triangles). 
 
 49 
 
~30%. This behavior indicates that charge extraction is more efficient in cells with BPhen.  It is 
illustrated in Fig. 4 that shows the EQE ratio of -0.1V or -0.5 V bias to 0 V. As clearly seen, the 
presence of BPhen reduces charge recombination (by blocking holes) at the ITO electrode [34], 
while charge recombination is more apparent for the device with CsCl only.   
 
 
 
 
 
 
 
 
 
 
 
 
c. AFM images of P3HT:PCBM 
As seen in the results presented above, the best devices with only BPhen showed a slightly 
higher JSC than that of devices with CsCl/BPhen though the latter showed consistently larger 
PCEs.  As seen below, the surface morphology of the P3HT:PCBM layer does not appear to 
contribute significantly to this behavior.  The active layer in ITO/CsCl/BPhen/P3HT:PCBM was 
rougher, with an average surface roughness Rrms of 25.4 nm, and the Rrms of the active layer in 
ITO/BPhen/P3HT:PCBM was 18.8 nm.  The Rrms of P3HT:PCBM in ITO/CsCl/P3HT:PCBM 
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Fig. 4. EQE ratios of inverted cells with CsCl/BPhen (squares), BPhen 
(circles), or CsCl (triangles) interlayers. 
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was 25.3 nm, i.e., the BPhen layer did not show a smoothing effect when cast on CsCl.  Fig. 5 
shows the AFM images of the active layer in these three structures. 
 
 
 
 
 
 
 
 
 
 
In the case of small molecule OSCs, rougher layers were shown to improve performance 
[35].  However, the surface roughness of P3HT:PCBM in the current structures is much larger 
and hence variations in roughness from ~19 to ~25 nm do not appear to affect device 
performance.  We note that based on our recent study [31], the top surface is believed to be 
P3HT-rich. 
d. Comparison to BCP interlayer  
BCP was chosen as an interlayer for comparison with BPhen, as both materials act as hole 
blocking layers due to their deep highest occupied molecular orbital (HOMO) levels (-6.6 eV 
and -6.4 eV for BPhen and BCP, respectively [36,37]).  
Fig. 5. AFM images of P3HT:PCBM in: left- ITO/BPhen/P3HT:PCBM, center- 
ITO/CsCl/P3HT:PCBM, and right- ITO/CsCl/BPhen/P3HT:PCBM. The respective Rrms 
values are 18.8, 25.3, and 25.4 nm. 
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Figure 6 demonstrates that BPhen and BCP improve the OSCs’ performance. The relatively 
lower current density of OSCs with BCP likely originates from the lower electron mobility of 
BCP compared to that of BPhen.  The solubility of both BPhen and BCP in DCB is very low, 
and thus spin-coating the DCB solution of P3HT:PCBM on these layers was not expected to 
present a major issue, consistent with the XPS data shown next.  Moreover the presence of both 
layers resulted in an improved FF.  Table 2 summarizes the attributes of the devices with CBP in 
comparison to Bphen. 
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Fig. 6. The J-V characteristics of inverted cells with CsCl/BPhen (10 mg/ml, solid 
squares), BPhen (10 mg/ml, open squares), CsCl/BCP (10 mg/ml, solid circles), and 
CsCl/BCP (5 mg/ml, open circles) as the interlayers.  
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Table 2. Device characteristics of inverted cells with CsCl/BPhen (10 mg/ml), BPhen (10 
mg/ml), CsCl/BCP (10 mg/ml), and CsCl/BCP (5 mg/ml) as the interlayers. 
Interlayer 
 (mg/ml) 
VOC 
(V) 
JSC 
(mA/cm2) 
FF 
(%) 
RS 
(Ω) 
RSH 
(kΩ) 
PCE 
(%) 
0.5 (CsCl)/10 (BPhen) 0.61 10.50 57.9 68.6 9.04 3.72 
10 (BPhen) 0.59 10.70 52.7 85.8 8.84 3.32 
0.5 (CsCl)/5 (BCP) 0.59 9.43 54.1 95.3 8.29 3.00 
0.5 (CsCl)/10 (BCP) 0.60 9.49 58.6 77.5 11.0 3.31 
10 (BCP) 0.53 9.24 50.1 101.0 5.85 2.50 
 
e. XPS analysis of the interlayers  
XPS analysis was conducted to verify the presence of BPhen following application of the 
active layer by spin-coating it from a DCB solution and annealing. To that end, we monitored the 
C:N ratio of a BPhen layer, and of BPhen or CsCl/BPhen layers on which a solution of DCB was 
spun. In pristine BPhen, the C:N ratio is 12:1. In all films, i.e., Bphen and CsCl/BPhen 
unannealed or annealed at 40-80oC, the measured C:N ratio was in the range 11.4 to 18.3. In the 
unannealed, untreated BPhen film this ratio was 15.1, likely due to C contaminants. In 
CsCl/BPhen annealed at 80oC followed by spinning on it the DCB solution, the ratio increased 
up to 18.3. A concentration of 1.5% Cs was also detected and ITO was also seen in this case. 
This behavior indicates increased C contamination and possibly a slight dissolution of the BPhen 
layer by DCB with a <10 nm BPhen layer (depth resolution of the XPS) through which the Cs 
and ITO are partially seen. We note that even though the glass transition temperature of BPhen is 
62oC [38], annealing in the 40-80oC range did not have a major effect on cell performance, with 
annealing at 80oC resulting in a somewhat improved performance. 
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f. Stability 
Importantly, not only was the PCE of the OSCs improved by introducing a BPhen interlayer, 
but also the stability of unencapsulated cells kept in the dark under ambient conditions was 
prolonged. The PCE of unencapsulated OSCs with CsCl/BPhen decreased by < 2% three weeks 
after the cells’ fabrication; it decreased by ~15.6% in two months, possibly also due to a 
significant increase in the relative humidity in the laboratory. A similar behavior was observed 
for OSCs with CsI/BPhen, where the PCE decreased by 10%, from 3.51% to 3.16%, after 24 
days. Upon light soaking for 28 min the PCE increased to 3.55%. The PCE subsequently 
decreased by 35% to 2.25% after 60 days, but then increased to 2.96% after 15 min of light 
soaking. These cells were kept at the laboratory’s relative humidity of ~30%. Four cells with 
only BPhen showed an average reduction of ~20% in the PCE two weeks after fabrication. This 
deterioration is stronger than for the cells with the halide/BPhen, but weaker than that for cells 
with CsCl only that showed a reduction of over 50% after ~2 weeks when unencapsulated and 
placed outside the glovebox. The reason for the increased stability, observed for both OSCs with 
CsCl/BPhen or CsI/BPhen, is currently not clear but may be associated with separating the 
P3HT:PCBM from the oxygen shown to be present in such inverted cells at the Cs halide layer 
[31]. Another possibility is reducing degradation induced by the energy released by electron-hole 
recombination. We are currently conducting a more systematic study to better understand the 
behavior of the different devices. 
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3.2.2 Effect of a polystyrene beads layer 
 
 
 
 
 
 
 
 
 
 
OSCs exposed to ambient conditions with a high relative humidity (RH ~80%) deteriorated, 
as expected, faster than OSCs kept under dryer (RH ~ 30%) ambient conditions. Table 3 
summarizes average OSC attributes of nine cells of the structure 
ITO/CsI/BPhen/P3HT:PCBM/MoO3/Al: as-prepared devices (but exposed to ~80% RH for 
several hours, which typically results in inferior devices), the same OSCs that were kept in the 
dark at ~80% RH for eight days or fifteen days, and these same cells with an added PSB film, 
whose SEM image is shown in Fig. 7. We note that the performance of the cells after 8 and 15 
days were comparable, hence we present averaged attributes. Fig. 8 shows the J-V characteristics 
of such a typical cell. 
Fig. 7. SEM image of a PSB film on the glass substrate opposite to the inverted 
OSC. 
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Table. 3. Attributes (averaged) of nine as-prepared inverted OSCs, the same devices following 8 
or 15 days in the dark at ~80% RH, and the same cells with an added PSB film. The cells 
structure was ITO/CsI/BPhen/P3HT:PCBM/MoO3/Al.  
 As prepared cells  8 or 15 day old cells   8 or 15 day old cells+PSB film  
Voc 
(V) 
Isc 
(mA) 
FF PCE 
(%) 
Voc 
(V) 
Isc 
(mA) 
FF PCE 
(%) 
Voc 
(V) 
Isc 
(mA) 
FF PCE 
(%) 
0.57 
±0.01 
1.03 
±0.03 
59.6 
±2.2 
3.18 
±0.12 
0.53 
±0.01 
0.77 
±0.02 
54.0 
±2.0 
2.01 
±0.09 
0.55 
±0.01 
1.02 
±0.04 
56.3 
±1.5 
2.87 
±0.12 
  
As seen, after 8 to 15 days the Voc, Isc, FF, and PCE decreased significantly. These values, 
mostly Isc and PCE, improved following application of a PSB film. Note that the nine cells were 
of two batches, which increases the variations in the attributes.  
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Fig. 8. J-V characteristics of an as-prepared (triangles) and eight days old cell 
exposed to ~80% RH before (squares) and after (circles) application of a PSB film. 
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The increase in the VOC upon addition of the PSB film to the nine cells was on average 
4.2±1.4 %, the increase in JSC was 31.7±4.0 %, in the FF 4.2±1.4%, and in the PCE 43.2±5.4%. 
The decrease in the PCE relative to the initial value was 36.8±3.7% without the PSB and only 
9.6±5.0% with the PSB film.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To further verify the-above described behavior we compared the J-V characteristics (Fig. 
9) of nominally identical cells of the structure glass/ITO/CsCl/BPhen/P3HT:PCBM/MoO3/Al 
with and without the PSB film after intentionally deteriorating the devices’ performance by 
placing them in a closed plastic chamber containing a beaker with water heated to ~90oC for over 
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Fig. 9. J-V characteristics of an as-prepared, intentionally deteriorated (see text), and 
improved cell with a PSB film. The cell structure was 
ITO/CsCl/BPhen/P3HT:PCBM/MoO3/Al cell.  
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3 days. This experiment was performed on several cells with all exhibiting similar results. We 
note, however, that though the qualitative behavior was reproducible, absolute values varied 
among cells of different batches. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 We tested also the effect of the PSB film when applied to cells with higher initial PCE values 
(i.e., PCE values at which the PSB film was applied) in comparison to the deteriorated cells with 
PCE ~2% described in Fig. 8 and Table 3. Figure 10 shows the increase in the EQE vs 
wavelength for cells with initial PCEs of 2.4 and 3.35%. The figure shows also the EQE of the 
former cell before and after application of the PSB film. As seen, the enhancement is smaller for 
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Fig. 10. EQE spectra of an ITO/CsCl/BPhen/P3HT:PCBM/MoO3/Al cell with an 
initial PCE of 2.4% before and after application of a PSB film. The % EQE 
enhancement is also shown, including for a cell with an initial PCE of ~3.35%.  
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the cell with the higher initial PCE, however, even for the as-prepared cell the EQE increased by 
~4% at wavelengths up to ~550 nm and by ~10% at 650 nm.  
 As the application of the PSB film is not optimized and additional studies are needed to 
determine the best film application approach (whether spin coated or drop cast) and thickness, it 
is possible that better enhancements will be achieved with an optimized PSB film.  
 
 
 
 
 
 
 
 
 
 
 
To demonstrate the effect of the PSB film we compared the absorption of as-prepared 
ITO/CsCl/BPhen/P3HT:PCBM structures with and without a PSB film.  Fig. 11 shows the 
results, which indicate increased absorption in the presence of the PSB film.  This enhanced light 
absorption results in enhancement in JSC and PCE.  As seen, the addition of the PSB film 
enhances the absorption over the entire wavelength range, with the strongest increase at longer 
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Fig. 11. Absorption and its relative increase for an ITO/CsCl/BPhen/P3HT:PCBM 
structure with and without a PSB film. The absorption spectra of glass/ITO and 
PSB/glass/ITO are also shown.  
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wavelengths, as expected.  We note that, consistent with the EQE behavior (Fig. 10), the 
enhancement in the absorption was much stronger (> 20% at ~500 nm and > 60% at 625 nm) in 
films degraded by exposure to ~90% RH atmosphere, where degradation decreases the 
absorption [39].  
In inverted cells, where light is reflected toward the absorbing layer from the metal anode, 
absorption likely increases so that the effect of the PSB film on the EQE may be lower than that 
observed for the absorption of ITO/CsCl/BPhen/P3HT:PCBM structures. Moreover, the EQE 
reflects also charge collection, which may be responsible for the relatively reduced PSB effect on 
it. 
Overall, the results indicate that in addition to improving device efficiency and stability by 
using a solution-processed BPhen interlayer, a PSB film can further assist in improving devices, 
and importantly, their long-term performance. This behavior is associated with light direction 
and scattering by the beads that enhance the absorption in the active OSC layer, possibly 
similarly to the effect of microlens fabricated using soft photolithography techniques [32], but 
with a very economic approach.  
 
3.3 Conclusions 
The PCE of inverted solar cells with the structure ITO/CsCl/P3HT:PCBM/MoO3/Al 
improved by up to 46% (from ~2.5% to ~3.7%) by adding a solution-processed BPhen layer 
between the CsCl (spin-coated from aqueous solution) and the active layer. The results indicate 
that the BPhen interlayer blocks holes from reaching the cathode and hence diminishes charge 
recombination at the ITO interface. Interestingly, the degradation of such non-encapsulated 
devices with Cs halide/BPhen (kept outside the glovebox) was significantly lower than that of 
(c) 
(c) (d) 
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cells without the Bphen layer. The PCE of cells with CsCl/BPhen kept in dark at ambient 
environment decreased by only 2% in ~3 weeks in comparison to ~60% for cells devoid of the 
BPhen layer. The PCE of unencapsulated cells with BPhen only kept under ambient conditions 
decreased by 15.6% after two months. The as-prepared cells with the CsI interlayer showed a 
smaller increase of only ~6-9% in the PCE upon addition of BPhen, which was expected as the 
recombination is already lower in ITO/CsI/P3HT:PCBM/MoO3/Al cells. Similarly to the 
CsCl/BPhen cells, those with CsI/BPhen showed a significantly improved stability in comparison 
to cells devoid of the BPhen layer. This effect of BPhen could be due to two mechanisms: (i) 
suppression of electron-hole recombination that eliminates degradation induced by the energy 
released by such recombination, and (ii) formation of a barrier for oxygen diffusion from the ITO 
to the active layer. We also note that solution-processed BPhen resulted in better cells than those 
with an evaporated layer. Cells with solution-processed BCP were also fabricated to compare 
different hole-blocking layers. Of the two, BPhen offers the best performance, possibly due to its 
higher electron mobility. Comparing EQE spectra obtained at different voltages for cells with 
CsCl and CsCl/BPhen confirmed that the BPhen layer reduces recombination at the ITO cathode. 
The results indicate that spin coating solutions of BPhen is a low-cost and easy approach to 
introduce a hole-blocking layer in inverted structures, in particular with a Cs halide interlayer, 
alluding to Cs doping, for increased PCE and stability.  
 Application of a PSB film to the blank side of the glass substrate of the OSC with CsI/BPhen 
restored Jsc and increased the PCE to within an average of ~10% of the original values for 8-15 
days old cells exposed to a relative humidity of ~80%. Improved long-term performance was 
similarly observed for cells with CsCl/BPhen with an added PSB film. This approach presents a 
simple route for enhancing absorption in degraded cells via directing and scattering the light to 
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enhance the optical path within the active layer, and thus increase Jsc and PCE. As-prepared cells 
also exhibited an enhanced performance but to a lesser degree. Comparing the enhancement in 
the absorption and EQE spectra by the PSB film indicates that charge collection may hinder cell 
performance, as the enhancement in EQE was relatively lower. Additional studies are under way 
to better control the PSB film thickness and morphology and apply it to other cell types. 
 
3.4 Experimental  
3.4.1 Materials 
P3HT was obtained from Rieke Metals and PCBM from nano-C; both materials were used 
without further purification. A solution of 1:1 weight ratio of P3HT:PCBM in 1,2-
dichlorobenzene (DCB), with a concentration of 34 mg/mL was used. The P3HT solution was 
filtered using a 0.22 µm Millex PTFE filter before it was mixed with PCBM. The mixture was 
then stirred for 24 h before spin-coating. BPhen, BCP, CsCl, and CsI were purchased from 
Sigma Aldrich. BPhen was dissolved in chlorobenzene (CB) (purchased from Sigma Aldrich). 
An aqueous suspension of 10% solid PSB with a mean particle size of ~100 nm was purchased 
from Sigma Aldrich. The devices’ area was 0.11 cm2.  
3.4.2 Procedures 
Various inverted cells with the structure  
ITO/CsCl or CsI/BPhen/P3HT:PCBM/MoO3/Al were fabricated for studying the effect of BPhen 
as a hole-blocking layer. CB solutions of BPhen with concentrations ranging from 1 mg/mL to 
20 mg/mL were used in cell fabrication. The concentrations of CsI and CsCl were 0.6 mg/ml and 
0.5 mg/ml, respectively, as these are the optimized value obtained in our previous work [31].  
The CsCl or CsI layers were prepared by spin-coating at 4000 rpm for 60 s and then baking at 
150°C for ~20 min. The following P3HT:PCBM active layer was spun using a 34 mg/mL DCB 
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solution with a 1:1 weight ratio of the components. Prior to spin-coating the solution was stirred 
on a hot plate at 45°C for over 24 h. The active layers in the different cells were dried under a 
petri-dish and annealed at 150°C for 12 min. Next, a 9 nm MoO3 layer was thermally evaporated 
on top of the organic layer followed by the 120 nm Al electrode. 
For one of the experiments we conducted, we intentionally degraded a cell in a high RH 
environment. The high RH was achieved by placing the cell in an enclosed chamber that 
contained a beaker full of water at a temperature just below boiling. This high RH was necessary 
to observe degradation in ~3-4 days.  
3.4.3 Measurements 
J-V characteristics of the OSCs were obtained using a 100 mW/cm2 ELH bulb for 
illumination. The light intensity was monitored with a calibrated Si-photodiode, and the current 
density was matched to the value obtained from the external quantum efficiency (EQE) 
measurement. The EQE was measured with and without a voltage bias. XPS data were obtained 
using a Physical Electronics 5500 multi-technique system, and atomic force microscopy (AFM) 
images were acquired with a Digital Instruments system. Absorption measurements of various 
structures were obtained using a CARY 5000 spectrophotometer for monitoring the 
transmittance and reflection. We note that all experiments were performed multiple times to 
ensure the validity of the conclusions. Low-level Si contaminant was seen in all devices 
independent of treatment or interlayers. This may be related to the lubricant present in plastic 
syringes used in device fabrication and hence unintentional Si incorporation [40]. We also note 
that the OSCs attributes vary quantitatively from batch to batch, including for materials from 
various sources. 
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CHAPTER 4: ELECTRONIC MEASUREMENTS OF DEFECTS IN 
PHOTODEGRADED POLYMER:FULLERENE SOLAR CELLS 
Fadzai Fungura, William R. Lindemann, Joseph Shinar*, and Ruth Shinar* 
Abstract  
Photodegradation of organic solar cells remains a key challenge impeding this green 
technology. This work presents electronic measurement results that show the creation of defects 
by light soaking in a pure nitrogen atmosphere of a low (1.58 eV) bandgap polymer:fullerene 
bulk heterojunction (BHJ) solar cell.  Importantly, such light soaking of polymer-only and 
PCBM-only devices did not generate an observable increase in density of defect states at 
molecular interfaces whereas in BHJ solar cells, there were increased defects at the donor-
acceptor (D/A) interface.  Electronic monitoring of fundamental properties of the BHJ solar cells 
revealed increased deep defect density at the D/A interface and in the polymer, charge 
recombination, as well as decreased external quantum efficiency, charge collection, short circuit 
current, open circuit voltage, and hole mobility following exposure of the cells to solar 
irradiation without exposure to ambient air. The data demonstrate that UV and blue light are 
largely responsible for this short-term photodegradation; filtering the UV light during irradiation 
reduces the short-term photodegradation drastically.   
4.1 Introduction 
 Polymer solar cells (PSCs) have been studied extensively because of their potential as a 
lightweight, flexible, and low-cost renewable energy source. Significant enhancement in the 
power conversion efficiency (PCE) [1-13]  to ~11%, was achieved by e.g., using low bandgap 
polymers [1-10] and developing approaches aimed at controlling the morphology of the active 
layer utilizing thermal annealing [11], solvent annealing [12], mixed solvents [4-13], or additives 
[1-7].  
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 Low bandgap polymers improve the PCE by absorbing more sunlight, which results in a 
larger short circuit current density Jsc. A larger open circuit voltage Voc is achieved by lowering 
the energy level of the highest occupied molecular orbital (HOMO) of the polymer (i.e., making 
it more negative relative to the vacuum level) [1-6]. Extensive efforts are directed at 
understanding degradation mechanisms in order to increase the PSCs’ lifetimes [14-25].  PSCs 
degrade rapidly when exposed to moisture and oxygen [14-17] as well as light [18-22].  For 
example, light exposure at wavelengths of 350 to 1100 nm of poly-3-hexylthiophene 
(P3HT):[6,6]-phenyl-C60-butyric acid methyl ester (PCBM) solar cells resulted in an increase in 
defect states in P3HT and defects assigned to the P3HT/PCBM interface [20], although to date 
the microscopic nature of this light-induced effect has not been revealed.  
An interesting class of low-bandgap polymers is a series composed of alternating benzo[1,2-
b:4,5-b’]dithiophene (BDT) and thieno[3,4-b]-thiophene (TT) units (denoted PBDTTTs) [23], 
which exhibit high PCEs (up to 9% for standard solar cells and 10% for inverted cells) for 
polymer:fullerene bulk heterojunction (BHJ) solar cells.  These polymers have a high absorption 
in the long wavelength region up to 720 nm and high carrier mobilities [23,24].  Poly[4,8-bis(5-
(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-
fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)], PBDTTT-EFT (Fig. 1) has a HOMO 
level of -5.24 eV, a LUMO level of -3.66 eV, and consequently a bandgap Eg = 1.58 eV.  BHJ 
solar cells based on the closely related poly[(4,8-bis-(2-ethylhexyloxy)-benzo[1,2-b;4,5-
b ]dithiophene)-2,6-diyl-alt-(4-(2-ethyl-hexanoyl)-thieno[3,4-b]thiopene)-2,6-diyl] (PBDTTT-
C):PCBM have been shown to be unstable with respect to heat [25]. To improve the stability and 
long-term performance of PSCs, understanding defect states, their source, and how they act as 
trapping and recombination centers is important.  Hence, in this paper the effect of light-induced 
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degradation on the fundamental material and device properties of PBDTTT-EFT:PC70BM was 
broadly investigated.  
Several techniques were used to examine how the PSCs’ properties change due to light-
induced degradation and to identify the source of this change.  Current density-voltage (J-V) 
characteristics were monitored over time to analyze the changes in Jsc, Voc, the fill factor FF, and 
PCE.  The external quantum efficiency (EQE) of the PSCs before and after degradation was 
measured to investigate the change in the light absorption spectrum and charge collection.  For 
analysis of midgap defects at or near the PBDTTT-EFT:PCBM interface and in the polymer, 
density of states (DOS) and subgap quantum efficiency (QE) measurements were performed. 
Space-charge limited current (SCLC) hole mobility measurements were performed to monitor 
the change in hole mobility of irradiated PBDTTT-EFT films.  
4.2. Experimental  
4.2.1. Materials and solutions 
PBDTTT-EFT was obtained from Solarmer Materials (Beijing) Inc. and PC70BM from 
Solaris Chem Inc.  Both materials were used with no further purification.  A solution of 1:1.5 
weight ratio of PBDTTT-EFT:PC70BM in 1,2- dichlorobenzene (DCB) purchased from Sigma 
Aldrich, with a concentration ratio of 10:15 mg/mL was used.  The PBDTTT-EFT solution was 
filtered using a 0.22 m Millex PTFE filter before mixing with PC70BM. The mixture was stirred 
for 24 h on a hot plate at a temperature of 70C before spin-coating.  Clevios™ HTL Solar poly 
(3, 4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) was purchased from Heraeus 
Precious Metals, and was filtered using a 0.45 m PVDF filter prior to spin-coating. 1,8 
diiodooctane (DIO) additive was purchased from sigma Aldrich.  
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4.2.2. Device fabrication 
 PSCs with the structure ITO/PEDOT:PSS/PBDTTT-EFT:PC70BM/Ca/Al were fabricated for 
studying photodegradation.  Similarly, prepared polymer and PC70BM only devices, i.e., 
ITO/PEDOT:PSS/PBDTTT-EFT or PC70BM/Ca/Al, were also examined.  ITO-coated glass 
slides with a sheet resistance of ~15 ohm/square were cleaned with a surfactant for 15 min. Next, 
the substrates were placed under running deionized water for 15 min, followed by sonication in 
isopropanol and then in acetone and again in isopropanol for 5 min for each step. A ~40 nm 
PEDOT:PSS layer was spin coated on top of cleaned glass/ITO substrates [26]. The PEDOT:PSS 
was dried at 150°C for 20 min in ambient atmosphere before transferring the substrates into a 
glovebox. 3 vol.% diiodooctane (DIO) was added to the PBDTTT-EFT:PC70BM mixture and the 
blend was spin coated at 900 rpm in the glovebox.  Next, 65 μL of methanol were spin coated on 
top of the active layer at 4000 rpm [1].  After loading the samples in a vacuum chamber, 20 nm 
Ca and 100 nm Al were thermally evaporated as the top electrode at a pressure < 1×10-6 Torr. 
The active area of the devices was 0.106 cm2.  The BHJ structures that were used for degradation 
studies showed optimized initial PCE = 8.7%.  For mobility measurements, the structure 
ITO/PEDOT:PSS/PBDTTT-EFT/Au was used. The thickness of the PBDTTT-EFT layer 
measured with a profilometer was 160 nm.  
4.2.3. Device characterization 
 Light J–V characteristics of the PSCs were obtained using a 100 mW/cm2 ELH bulb for 
illumination.  The light intensity was monitored with a calibrated Si photodiode. Transmittance 
measurements of PBDTTT-EFT films before and after photodegradation were obtained using a 
CARY 5000 spectrophotometer.  Reflection measurements were obtained using a HR4000 
spectrometer.  For photodegradation studies samples were exposed to 100 mW/cm2 (1 sun) full 
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solar simulator spectrum for 24 hours using a xenon source solar simulator with appropriate 
filters to simulate AM1.5 sunlight.  The cells were kept in a nitrogen-filled glovebox during the 
course of the degradation measurements.  Post-degradation J-V and defect density measurements 
were all performed in the glovebox without exposing the samples to air.  Samples were cooled 
by a fan during irradiation.  Cell attributes, i.e., the PCE, Jsc, Voc, and FF were measured at 
different irradiation times.  DOS measurements were obtained by measuring the capacitance as a 
function of frequency (in the range 1 Hz to 200 kHz) C(f) and as a function of voltage C(V) using 
a HIOKI LCR meter.  Mobility measurements were performed in the glovebox with the sample 
connected to a Keithley source. During each measurement, the sample was kept in the dark and 
the current (using the current source) and corresponding voltage were recorded. The hole 
mobility measurements were performed 6 times and the error was determined by the standard 
deviation of each point multiplied to achieve 95% confidence [27].  
4.3. Results and discussion  
4.3.1. Effect of processing conditions 
4.3.1.1. J-V, absorption, and EQE  
PBDTTT-EFT:PCBM BHJ solar cells have a high efficiency when DIO is added to the 
PBDTTT-EFT and PCBM in 1, 2 DCB solution prior to spin-coating.  In this work, we 
consistently got efficiencies higher than 8% when DIO was added less than 30 minutes prior to 
spin-coating followed by spin-coating methanol at 4000 rpm on top of the active layer (methanol 
washing).  However without adding DIO, the Jsc, Voc, FF and hence PCE was relatively very low.   
 Fig. 1 shows the molecular structure of PBDTTT-EFT and the energy levels of the materials 
within the PSCs.   
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Fig. 1. Molecular structure of PBDTTT-EFT, the HOMO and LUMO energy levels of the cells’ 
materials, and the Fermi levels of the electrodes. 
Fig. 2 below shows the J-V characteristics for various processing conditions. 
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Fig. 2. J-V characteristics of solar cells with DIO added 20 mins prior to spin-coating and 
washed with methanol (black squares), DIO added 20 mins prior to spin-coating without 
methanol washing (blue stars) and without both DIO and methanol washing (red circles). 
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Table 1. Attributes of PSCs with different processing conditions.  
  
Voc 
[V] 
Jsc 
[mA/cm²] 
FF  
[%] 
PCE 
[%] 
With both methanol and DIO 0.78 17.7 63 8.7 
With DIO no methanol 0.72 17.0 53 6.5 
Without DIO and no methanol 0.42 13.7 54 3.1 
 
Table 1 above shows the specific J-V characteristics of solar cells with different 
processing conditions as shown in Fig. 2.  Additives affect the morphology of the active layer.  
DIO slows down the evaporation of the solvent of the active layer [28] since it has a higher 
boiling point (333 ˚C) than 1, 2 DCB (174˚C).  This results in more crystalline polymers [29] 
that have higher hole conductivity and mobility and hence higher current and PCE.  Also, PCBM 
has higher solubility in the additive than in 1, 2 DCB [28] and this leads to the suppression of the 
formation of large PCBM aggregates [29] during drying of the active layer which enhance 
charge transport in the active layer. Fig. 3 below shows the EQE spectra of solar cells with 
different processing conditions and is in agreement with the J-V characteristics shown in Fig. 2.   
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Fig. 3. EQE spectra of solar cells with DIO added 20 mins prior to spin-coating and washed 
with methanol (black squares), DIO added 20 mins prior to spin-coating without methanol 
washing (blue stars) and DIO added 24 hours prior to spin-coating without methanol washing 
(red circles). 
 
 Methanol washing enhances solar cells in a few ways.  First it washes away residual DIO 
from the active layer [1,28,29].  Since DIO has a very high boiling point, the active layer dries 
too slowly and if contacts are deposited on an active layer that is not completely dry, the 
resulting solar cells have bad contacts and hence decreased charge carrier collection decreasing  
𝐽𝑠𝑐 and PCE. Solar cells where DIO was not washed off were found to not be completely dry 
after one day [28].  Furthermore, methanol washing results in films that have an active layer 
gradient with a higher concentration of PCBM near the cathode and a higher concentration of the 
polymer towards the anode.  This gradient increases both the charge carrier transport and 
collection at the electrodes [28,29].  AFM images of the active layer washed with methanol (a) 
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and without methanol washing (b) were taken.  Fig. 4 below shows that methanol washing 
decreases the RMS roughness value of the films from 8.13 nm to 2.03 nm.  This leads to better 
contact formation of the cathode for better collection of electrons enhancing the PCE.   
 
Fig. 4.  AFM images of ITO/PEDOT:PSS/PBDTTT-EFT:PCBM (a) after methanol washing and 
(b) without methanol washing. 
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Methanol washing neither significantly changes the active layer thickness nor the absorption of 
light as shown in Fig. 5 below.  Fig. 5 shows the absorption of light in ITO/PEDOT: 
PSS/PBDTTT-EFT: PCBM film with and without methanol washing and the absorption 
properties do not change. 
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Fig. 5. Absorption of ITO/PEDOT: PSS/PBDTTT-EFT: PCBM films with methanol washing and 
without methanol washing. 
 
4.3.2 Effect of photodegradation on PBDTTT-EFT polymer solar cells 
4.3.2.1. J-V, absorption, and EQE  
 Typical J-V characteristics of a PSC before and following 24 h illumination in a nitrogen-
filled glovebox are shown in Fig. 6 and the cell’s attributes are summarized in Table 2.  
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Fig. 6. Light J-V characteristics of a PBDTTT-EFT solar cell before and after 24 h degradation 
by 1 sun intensity, 100 mW/𝑐𝑚2, using a full solar spectrum simulator. 
Table 2. Characteristics of a PBDTTT-EFT solar cell before and after 24 h of photodegradation. 
RS is the series resistance.  
 
Voc 
[V] 
Jsc 
[mA/cm²] 
FF  
[%] 
Rs (Ω) 
Rshunt 
(kΩ) 
PCE 
[%] 
Before Degradation 0.79 17.0 65 54.6 9.9 8.7 
After Degradation 0.61 7.7 42 150.3 3.0 2.0 
 
Photodegradation resulted in an overall PCE decrease of ~77% from 8.7% to 2.0%. As 
shown in Table 2, the series resistance Rs increased and the shunt resistance Rshunt decreased 
significantly. Traps in the active layer can lead to an increase in Rs due to changes in the electric 
field in the active layer that result from accumulated charges. Defects can also create alternate 
current paths that lead to reduced Rshunt and reduced current flowing through the solar cell 
junction (hence lower Jsc) as well as reduced voltage, and thus reduced power output and PCE of 
the solar cell. Fig. 7 shows the normalized decrease of Voc, FF, Jsc, and PCE during the 24 h 
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irradiation. The Voc decreased to 77% of the initial value, FF to 65%, Jsc to 45%, and the PCE 
decreased to 23% of the initial value after 24 h.  
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Fig. 7. Normalized Voc, FF, Jsc, and PCE of PBDTTT-EFT solar cells during photo-degradation 
at 1 sun intensity.  
The decrease in 𝐽𝑠𝑐 and PCE cannot be explained by a decrease in the absorption, which was 
not significant as shown in Fig. 8 (at any wavelength up to ~700 nm the decrease was less than 
3.0%).   
 
 
 
  
 
Fig. 8. Absorption of ITO/PEDOT:PSS/ PBDTTT-EFT:PC70BM films before and after 24 h 
degradation under 100 mW/cm2 1 sun irradiation. 
The degraded performance is not related to substantial morphological changes, as atomic force 
microscopy (AFM) of degraded and as-prepared films showed no difference in the surface 
400 500 600 700 800
10
20
30
40
50
60
70
 
 
 before degradation
 after degradation
%
 A
b
s
o
rp
ti
o
n
Wavelength (nm) 
 79 
 
structure, hence photodegradation did not lead to significant polymer aggregation.  Indeed, the 
respective root mean square surface roughness values before and after degradation were 1.12 and 
1.17 nm, respectively.  Dark J-V gives important information about the recombination in the 
device through analysis of ideality factors and saturation currents. Excluding the effects of series 
resistance, the dark J-V relationship of a PSC follows the equation [30]: 
𝐽 = 𝐽01 [exp (
𝑉
𝑛1𝑘𝑇
) − 1] + 𝐽02[exp (
𝑉
𝑛2𝑘𝑇
) − 1]  +
𝑉
𝐴𝑅𝑆𝐻
         (4.1) 
Where 𝐽01 and 𝐽02 are saturation current densities, 𝑛1 and 𝑛2 are ideality factors, A is the pixel 
area, k is Boltzmann constant and T is the temperature in kelvin and V is the applied voltage.  By 
fitting equation 4.1 to experimental data, the ideality factors and saturation currents can be 
obtained.  Shunt current (𝐽𝑆𝐻) obscures the dark J-V characteristics and has to be subtracted 
before analysis. After subtracting 𝐽𝑆𝐻, the exponential part of equation 4.1 is fitted to 
experimental data.  Fig. 9(a) shows the dark J-V characteristics of PBDTTTT-EFT PSCs and Fig 
9(b) shows the fitting of the exponential part of the forward dark J-V after subtracting 𝐽𝑆𝐻. 
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Fig. 9. (a) Dark J-V characteristics of a PBDTTT-EFT solar cell and before and after 24 h 
degradation by 1 sun intensity. (b) Forward dark J-V characteristics after subtracting shunt and 
the respective fitting of the exponential part of Eq.4.1 to the experimental data. 
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Fig. 9 (a) shows an increase in shunt resistance due to photodegradation and a change in the 
exponential characteristics of the PSCs. The best fit of the exponential region of the dark J-V 
curve from equation 4.1 of experimental data after subtracting shunt current is shown in Table 3. 
Table 3. Dark J-V characteristics of PBDTTT-EFT SCs before and after 24 h of 
photodegradation. 
  𝑛1 𝐽01 (
𝑚𝐴
𝑐𝑚2
) 𝑛2 𝐽02 (
𝑚𝐴
𝑐𝑚2
) 
Before degradation  1.77  6.6×10−11  1.63  2.8×10−11 
After degradation  1.97  5.3×10−10  1.68  1.3×10−10 
 
𝑛1 increases from 1.77 to 1.97 which indicates an increase in recombination due to deep traps at 
the D/A interface [31].  An increase in 𝐽01  by a factor of 8 from 6.6×10
−11 
𝑚𝐴
𝑐𝑚2
 to 
5.3×10−10  
𝑚𝐴
𝑐𝑚2
  is due to an increase in recombination due to mid-gap trap density at the D/A 
interface [20], which in turn leads to the observed reduction in Voc according to equation 4.2 [20];  
𝑉𝑜𝑐 = (
𝑛𝑘𝑇
𝑞
)ln (
𝐼𝑠𝑐
𝐼01
)                      (4.2) 
The increase in  𝑛2 is not significant. The high value of 𝑛2 indicates that recombination is highly 
due to mid-gap trap density at the D/A interface though there would be contributions from 
recombination due to tail states in the polymer.  An increase by a factor of 4.6 in 𝐽02 from 
2.8×10−11 
𝑚𝐴
𝑐𝑚2
 to 1.3×10−10  
𝑚𝐴
𝑐𝑚2
 indicates an increase recombination which may be partially 
due to an increase in polymer tail states in the PSCs [32].  The increase in recombination leads to 
a decrease in charge carrier collection of PSCs, supported by the fact that there is a stronger 
decrease in 𝐽𝑠𝑐  in comparison to the decrease in the absorption.  Fig. 10 shows the EQE spectra 
before and after degradation. 
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Fig. 10. EQE characteristics of a PBDTTT-EFT solar cell before and after degradation under 
100 mW/𝑐𝑚2 1 sun irradiation for 24 h.  
As expected, the EQE decreased after degradation; the decrease was ~45% to 56% across the 
measured wavelength range, indicating a significant contribution of decreased charge collection 
to the decreased cell performance.  To further investigate charge extraction in the PSCs, EQE 
measurements with and without bias for as-prepared and photodegraded devices were compared 
in Fig.  11.  
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Fig. 11. (a) EQE characteristics of as-prepared and degraded PSCs at 0 V and -0.5 V bias. (b) 
The EQE ratios of these solar cells. 
As seen, biasing increases the EQE and the ratio between biased (-0.5 V) and unbiased EQE, in 
particular in the degraded device, which indicates that charge extraction is reduced in the 
degraded cells [33]. Charge collection is affected by charge mobility, hence, hole mobility in 
PBDTTT-EFT films was measured as a function of degradation time. 
4.3.2.2. Space-charge limited current (SCLC) hole mobility measurements 
We investigated the hole mobility in hole-only devices with the structure ITO/PEDOT:PSS/ 
PBDTTT:EFT/Au. Fig. 12 shows the change in hole mobility due to light degradation.  
 83 
 
 
 
 
 
 
 
 
Fig. 12. Change in hole mobility in PBDTTT-EFT over 24 hours of light exposure. The line is to 
guide the eye.  
 
In semiconductors and insulators, SCLC occurs when the number of injected carriers exceeds 
the number of traps in the sample. Beyond the trap-filled limit voltage, injected charges are free 
to move and the current density is given by [34]  
 𝐽 =  
9
8
ɛ0ɛ𝑟µ
𝑉2
𝑡3
                           (4.3) 
Where ɛ0 is the vacuum permittivity, ɛ𝑟 is the dielectric constant of the film, t is the thickness of 
the active layer, µ is the mobility, J is the applied current density, and V is the measured voltage. 
From Eq. (4.2), the mobility can be calculated from the slope of a J vs V² plot. The values used 
were ɛ𝑟 =  3 [25], t = 160 nm as measured, and ɛ0 = 8.854 × 10
-12 F/m [34].  The hole mobility 
degraded from 7.2×10-4 to 2.2×10-4 cm²/Vs, which is 30% of the initial value over 24 hours, as 
shown in Fig. 11. We note that the initial hole mobility is comparable to values reported for other 
PBDTTT polymers with a film of polymer/acceptor blend showing a reduced mobility of 
3.5×10−4 cm²/Vs [2,23].  The decrease in the mobility following light exposure is likely related 
to a reduction in charge collection associated with increased trap density.  To investigate deep 
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defects, a capacitance-frequency C(f) technique to obtain the density of states (DOS) and a 
subgap QE measurement [20,35-38] were employed, as described next.  
4.3.2.3. Density of states  
DOS measurements were performed to analyze defect states in the solar cells.   
Fig. 13. Density of states (DOS) of gap defects in (a) PBDTTT-EFT:PCBM solar cells and (b) 
PBDTTT-EFT only device as a function of energy with respect to the PBDTTT-EFT HOMO 
level. (c) DOS of a PCBM only device as a function of energy with respect to the PCBM HOMO 
level.  
 
Fig. 13(a) shows the gap defect densities in the BHJ cell before and after photodegradation as 
a function of energy with respect to the HOMO level of PBDTTT-EFT, E – EHOMO.  Figs. 13(b) 
and 13(c) show the DOS of devices with one component only, whether the polymer or the 
acceptor, to identify the site of the increased defect density in the solar cells. The figures were 
obtained from C(V) and C(f) measurements described in detail by Boix et al [37].  The initial 
0.35 0.40 0.45 0.50 0.55 0.60 0.651x10
16
1x10
17
1x10
18
0.35 0.40 0.45 0.50 0.55 0.60
4x10
16
8x10
16
1x10
17
2x10
17
2x10
17
0.35 0.40 0.45 0.50 0.55 0.60
1x10
16
2x10
16
3x10
16
4x10
16
 before degradation
 after degradation
D
O
S
 (
e
V
-1
 c
m
-3
)
E-EHOMO (eV)
(a) PBDTTT-EFT:PCBM
D
O
S
 (
e
V
-1
 c
m
-3
)
E-EHOMO (eV)
 before degradation
 after degradation
(b) PBDTTT-EFT only
before degradation
after degradation
D
O
S
 (
e
V
-1
 c
m
-3
)
E-EHOMO (eV)
(c) PCBM only
 85 
 
defects in the PSC may be due to chemical impurities introduced during material synthesis and 
device fabrication, as well as exposure to the very small amounts of oxygen and moisture in the 
glovebox. After exposure to light, the defect density increased by a factor >5 for E – EHOMO > 0.4 
eV. The largest increase (a factor of 13) was in the range of 0.6 to 0.65 eV above the HOMO of 
PBDTTT-EFT, which is energetically in the middle of the interface between PBDTTT-EFT and 
PCBM. The DOS of the donor- and acceptor-only devices in the energy range shown (Figs 13(b) 
and 13(c)) was largely unchanged, indicating that these defects states are located at the 
donor/acceptor (D/A) interface.  Based on the unchanged absorption spectrum (Fig. 8) and AFM 
images following irradiation, the DOS increase is not related to a significant change in the 
materials’ bulk properties following irradiation. Hydrogen-related defects, e.g., C-H bond 
straining/rearrangement in the polymer [21,31,39,40], possibly at the D/A interface, may 
contribute to this DOS increase, though the increase was irreversible, as heating further degraded 
the devices. 
 
4.3.2.4. Subgap quantum efficiency  
Fig. 14(a) shows the subgap QE of the solar cell and of a polymer-only device, i.e., without 
the fullerene.  As seen, the measurements show an increase in the defect state density in the 
PBDTTT-EFT polymer close to its midgap at an incident energy in the range of ~0.83 to 1.1 eV, 
following photodegradation.  For the BHJ cell, at 1.1 eV the increase is 2×; it is 6× at 0.87 eV. 
For the polymer only device, the increase is 1.3× and 3× at 1.1 eV and 0.87 eV respectively. Fig. 
14(b) shows the energy levels of the D/A BHJ cell with the various possible optical transitions, 
labeled (a)–(d). The energy region higher than 1.6 eV, i.e., higher than the bandgap of PBDTTT-
EFT, corresponds to transition (a), which is the bulk absorption by the polymer [41].  At an 
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energy < 1.6 eV there is a rapid decrease in the QE with a small increase in the slope in the range 
~1.2 to ~1.4 eV in the BHJ structure, but a reduced slope in the device with the polymer only. 
Arrow (b), representing the  
 
 
 
 
 
 
 
 
 
Fig. 14. (a) Normalized subgap QE before and after light degradation of the BHJ solar cell and 
the polymer-only device. (b) Schematic energy diagram showing optical transitions in the solar 
cell.  
 
energy range from >1.4 eV to 1.6 eV, corresponds to excitations from the HOMO and HOMO 
tail states of PBDTTT-EFT to empty tail states near its LUMO level [38].  Transition (c) 
corresponds to the energy range ~ 1.2 to 1.4 eV; it represents transitions from the tail states near 
the HOMO of PBDTTT-EFT to the LUMO level of PC70BM [38,41]; this transition is not seen 
in the polymer-only device (Fig. 14(a)).  At energies < 1.2 eV the transitions are from the 
polymer’s HOMO to deep traps in PBDTTT-EFT [38] as shown by arrow (d).  Structural 
disorder in heterojunction donor-acceptor solar cells for both polymers [38,41 ,42] and small 
molecule-based devices [43] results in Urbach tail states within the bandgap.  The calculated 
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Urbach energies from the subgap QE measurements for tail states near the LUMO and HOMO 
levels of PBDTTT-EFT are ~43 and ~35 meV, respectively.  Fig. 15 shows the non-normalized 
subgap QE of the BHJ SC and polymer-only device. 
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Fig. 15. (a) Subgap QE before and after light degradation of the BHJ solar cell and the polymer-
only device (without normalization).  
 
The initial low subgap QE in the polymer-only devices is due to the very low level (~2%) of 
singlet exciton (SE) dissociation [44] in such films, as compared to the massive dissociation of 
such SEs in the BHJ SCs.  The presence of deep traps in PBDTTT-EFT allows transitions of 
electrons and holes from these trap states to conducting states leading to an increase in subgap 
QE after photodegradation [31].  
 
4.3.2.5 Effect of UV and blue light  
To better understand the origin of the photodegradation, we also used 495 and 455 nm long 
pass filter to assess the effect of high energy photons on the PSCs’ degradation.  The light 
intensity, measured with a reference, was kept constant in all measurements.  Figs. 16(a) and (b) 
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show the J-V characteristics of typical PSCs with 495 and 455 nm long pass filters, respectively, 
before and following 24 h irradiation in a nitrogen-filled glovebox.  The cells’ attributes are 
summarized in Table 4.  Figs. 16(c) and (d) show normalized Voc, FF, Jsc, and PCE of PBDTTT-
EFT solar cells during degradation at 1 sun intensity with 495 and 455 nm long pass filters.  
As seen in Fig 16 and Table 4, the decreases in all attributes when using these optical filters are 
very small.  Photodegradation with the use of the 495 nm long-pass filter resulted in an overall 
PCE decrease of only ~3.6%, from 8.3% to 8.0 %.  Hence, light of > 495 nm does not contribute 
strongly to the observed degradation due to 24 h irradiation.  To investigate whether 495 – 455 
nm light causes significant degradation, a 455 nm long-pass filter was also used and the 
degradation of the PSCs was monitored.  Photodegradation with the 455 nm long-pass filter 
resulted in an overall PCE decrease of ~ 6.0 % from 8.7% to 8.2. Overall, filtering out light 
below 455 nm significantly reduces the short-term instability of the PSCs.  
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Table 4. Characteristics of PBDTTT-EFT:PC70BM solar cells before and after 24 h of 
photodegradation with 495 nm and 455 nm long pass filters. 
    
Voc [V] 
Jsc 
[mA/cm²] 
FF  [%] PCE [%] 
495 nm 
filter 
Before Degradation 0.79 16.1 65.1 8.3 
  After Degradation 0.78 15.9 64.5 8.0 
455 nm 
filter 
Before Degradation 0.79 16.9 65.3 8.7 
  After Degradation 0.78 16.4 64.1 8.2 
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Fig. 16. J-V characteristics of PBDTTT-EFT solar cells before and after 24 h degradation by 
1 sun intensity with (a) 495 nm and (b) 455 nm long pass filters, and normalized Voc, FF, Jsc, 
and PCE of PBDTTT-EFT solar cells during degradation at 1 sun intensity with (c) a 495 nm 
filter and (d) a 455 nm long pass filter. 
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4.4. Conclusions  
Our results demonstrate that UV and blue light at wavelengths < 455 nm are largely 
responsible for the short-term photodegradation of PBDTTT-EFT:PC70BM solar cells. The 
electronic measurements provided the density of trapping states throughout the gap.  Exposure of 
PBDTTT-EFT:PCBM solar cells to light results in a change in the fundamental properties of the 
PSCs: Density-of-states (DOS) measurements showed a significant increase in midgap states at 
the interface between PBDTTT-EFT and PCBM (~0.55–0.65 eV above the polymer’s HOMO 
level). This increased DOS leads to increased charge trapping and recombination, reducing 
carrier collection efficiency at the electrodes, and hence resulting in a decrease in Jsc, FF, hole 
mobility, and the PCE. Moreover, an increase in recombination at the D/A interface results in the 
reduction of the Voc. An increase in deep defect states in the polymer (at incident energies in the 
range of 0.83 to 1.1 eV) was observed in subgap QE measurements. Using optical filters to cut 
the UV and deep blue light < 455 nm greatly improves the short-term stability of the solar cells. 
Thus, the results demonstrate that this short wavelength light is the main source of the observed 
degradation in PBDTTT-EFT PSCs.   
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CHAPTER 5: ELECTRON PARAMAGNETIC RESONANCE EVIDENCE OF CARBON 
DANGLING BONDS IN PHOTODEGRADED POLYMER:FULLERENE SOLAR 
CELLS 
Fadzai Fungura, William R. Lindemann, Joseph Shinar*, and Ruth Shinar* 
Abstract  
Intrinsic photodegradation of organic solar cells, theoretically attributed to C-H bond 
rearrangement/breaking, remains a key commercialization barrier. This work presents, via dark 
electron paramagnetic resonance (EPR), the first experimental evidence for metastable C 
dangling bonds (DBs) (g=2.0029±0.0004) formed by blue/UV irradiation of polymer:fullerene 
blend films in nitrogen. The DB density increased with irradiation and decreased ~4 fold after 2 
weeks in the dark. The dark EPR also showed increased densities of other spin-active sites in 
photodegraded polymer, fullerene, and polymer:fullerene blend films, consistent with broad 
electronic measurements of fundamental properties, including defect/gap state densities. The 
EPR enabled identification of defect states, whether in the polymer, fullerene, or at the 
donor/acceptor (D/A) interface. Importantly, the EPR results indicate that the DBs are at the D/A 
interface, as they were present only in the blend films. The role of polarons in interface DB 
formation is also discussed. 
5.1 Introduction 
 Polymer solar cells (PSCs) consisting of semiconducting polymer as an electron donor and 
fullerenes as electron acceptors are drawing a lot of attention because of their potential as a low 
cost, light weight and flexible source of energy.  Significant improvement in power conversion 
efficiency (PCE) has been achieved [1-13] up to PCEs greater than 10% due to the use of low 
band-gap polymers [14-16].  PSC degradation is the main commercialization obstacle.  Hence, 
extensive efforts are directed at understanding PSC degradation [17-28] when exposed to 
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moisture and oxygen [17-20] as well as light [21-25].  The microscopic nature of the generated 
defects has not been revealed.  This work demonstrates, for the first time, UV/blue 
photogeneration of metastable carbon dangling bonds (DBs, i.e., 3-fold coordinated C atoms) 
akin to the well-known Si DBs that pervade hydrogenated amorphous Si (a-Si:H) [29].  The C 
DBs are revealed via the electron paramagnetic resonance (EPR) of their unpaired spin 1/2 
electron after observing the signature EPR of C DBs at g = 2.0029 ± 0.0004 [30-34] in 
polymer:fullerene films.  Importantly, at room temperature the DBs decay slowly in the dark, in 
sharp contrast to their stability in a-Si:H [29].  However, since the performance of the solar cells 
does not recover, it is suspected that the C DBs are passivated by, e.g., O- or OH-related groups, 
rather than the polymer recovering its original configuration.  The study focuses on a low-
bandgap polymer poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']dithiophene-
2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] 
(PBDTTT-EFT) shown in Fig. 1.  Electronic measurements of PBDTTT-EFT: PC70BM 
((phenyl-C70-butyric-acid-methyl ester) bulk heterojunction (BHJ) PSCs were done (Chapter 4). 
They demonstrated that UV and blue light at wavelengths < 455 nm are largely responsible for 
the short-term photodegradation of PBDTTT-EFT: PC70BM solar cells.  Exposure of PBDTTT-
EFT:PCBM solar cells to light resulted in a change in the fundamental properties of the PSCs: 
Density-of-states (DOS) measurements showed a significant increase in midgap states at the 
interface between PBDTTT-EFT and PCBM (~0.55–0.65 eV above the polymer’s HOMO level). 
An increase in deep defect states in the polymer (at incident energies in the range of 0.87 to 1.1 
eV) was observed in subgap QE measurements.  Use of optical filters to cut the UV and deep 
blue light < 455 nm greatly improved the short-term stability of the solar cells demonstrating that 
this short wavelength light is the main source of the observed photodegradation.  The increase in 
 96 
 
defect states was accompanied by a decrease in PSCs’ Jsc, Voc FF, hole mobility, and PCE.  In 
previous work, photodegradation was attributed to C-H bond straining and/or breaking [24,35-
37].  Formation of dangling bonds, however, has so far not been demonstrated experimentally.   
It is difficult to see how visible or near UV photons would have sufficient energy (>4 eV) to 
cause C-H bond breaking [24,35]; however, such bond breaking or rearrangement becomes much 
more plausible when induced by hot polarons. The latter may be energized by (i) direct blue/UV 
photon absorption, e.g., from the fullerene LUMO, or by (ii) annihilating an exciton by 
absorbing its energy [24,35].  Since the polaron density is much higher in the polymer:fullerene 
blends than in polymer-only films, the C DBs are observed only in the former, as demonstrated 
next by EPR, which shows, for the first time, the likely presence of C DBs in photodegraded 
polymer:fullerene blends but not in polymer-only films. 
Hot polaron formation via exciton annihilation [38-40] is unlikely. Although triplet-polaron 
annihilation was previously invoked to explain degradation of blue phosphorescent OLEDs [41], 
in BHJ PSCs fast exciton dissociation and/or thermalization to the fullerene’s LUMO likely 
exclude this scenario. 
  Continuous wave (CW) dark and light-induced electron paramagnetic resonance (EPR) 
measurements were performed on PBDTTT-EFT, PC70BM, and PBDTTT-EFT:PC70BM films to 
analyze defect formation at the atomic scale, charge generation, and trapping in the films, and to 
identify the role of each component and the donor/acceptor (D/A) interface in the photo-induced 
defect generation process. The dark EPR results indicate irradiation-induced formation of C 
dangling bonds in blend films, reminiscent of the formation of Si dangling bonds in 
hydrogenated amorphous Si due to the Staebler-Wronski Effect [29], and are compared to the 
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electronic measurements. These defects, in agreement with the electronic measurements, are 
formed at the D/A interface, as they are not observed in polymer only films.  
5.2. Experimental  
5.2.1. Materials and solutions 
PBDTTT-EFT was obtained from Solarmer Materials (Beijing) Inc. and PC70BM from 
Solaris Chem Inc. Both materials were used with no further purification. A solution of 1:1.5 
weight ratio of PBDTTT-EFT:PC70BM in 1,2- dichlorobenzene (DCB) purchased from Sigma 
Aldrich, with a concentration ratio of 10:15 mg/mL was used. The PBDTTT-EFT solution was 
filtered using a 0.22 m Millex PTFE filter before mixing with PC70BM. The mixture was stirred 
for 24 h on a hot plate at a temperature of 70C before spin-coating.  1,8 diiodooctane (DIO) 
additive was purchased from sigma Aldrich.  
5.2.2. Device fabrication 
 PBDTTT-EFT, PCBM and PBDTTT-EFT:PCBM blend films were fabricated by spin-
coating the respective solutions on  polyethylene terephthalate (PET) films.  1 inch × 1 inch PET 
films were cleaned with a surfactant for 15 min.  Next, the substrates were placed under running 
deionized water for 15 min, followed by sonication in isopropanol and then in acetone and again 
in isopropanol for 5 min for each step. 3 % vol diiodooctane (DIO) was added to PBDTTT-EFT 
and PBDTTT-EFT:PC70BM mixtures and the solutions were spin-coated at 500 rpm in the 
glovebox. Next, 65 μL of methanol were spin-coated on top of the active layer at 4000 rpm [1]. 
The films were dried under a petri dish.  For packing the films in EPR quartz tubes, they were 
first cut into small strips and packed into the tubes. 
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5.2.3. Device characterization 
 For photodegradation studies, films were exposed to 100 mW/cm2 (1 sun) full solar 
simulator spectrum for various (0, 8, 16 and 24) hours using a xenon source solar simulator with 
appropriate filters to simulate AM1.5 sunlight. The films were kept in a nitrogen-filled glovebox 
during the course of the degradation measurements and they were cooled by a fan during 
irradiation.  CW EPR experiments were performed on films of PBDTTT-EFT, PC70BM, and 
PBDTTT-EFT:PC70BM blends, all fabricated in a N2-filled glovebox.  The films were placed in 
a sealed N2 filled quartz tube within the resonator without exposure to air.  X-band (9.9 GHz) 
EPR experiments were carried out with a Bruker ELEXSYS E580 EPR spectrometer before and 
after sample photodegradation.  Experiments were conducted in the dark and under illumination 
with an incident ELH light intensity of 70 mW; illumination lasted for about 8 min.  When using 
the lamp, a water filter (20 cm path-length) was used to avoid unwanted sample heating. A lens 
was used for focusing the light into an optical fiber, which was hooked to the resonator. The EPR 
was lock-in detected by modulating the DC field at a frequency of 100 kHz. Hence the resonance 
observed was the first derivative of the resonant absorption spectrum [42].  The field and g factor 
values were determined from a DPPH standard [42].  All experiments were performed multiple 
times to ensure the validity of the conclusions.  
 To obtain the spin counts we used two calculation approaches: Matlab, when double 
integrating the derivative EPR data, and Origin and Matlab, when using the integrated EPR to 
perform Lorentzian fittings, which provided the g factors.  While the absolute values of the spin 
counts obtained by these approaches vary by ~10-50% (with an average variation of ~25%) they 
are in semi-quantitative agreement.  More specifically, the dark EPR spin counts were 
comparable when double integrating the derivative EPR data or using the integrated EPR with 
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the Lorentzian fittings.  This was not the situation for the light induced EPR with the narrow 
Lorentzian lines.  We attribute the discrepancies to potential small deviations from Lorentzian 
lineshapes and to the sensitivity of the integrals to the baseline.  The spin counts reported are 
therefore from the double integration of the derivative, unless otherwise specified.  
 The EPR measurements were generally performed multiple times. Specifically, the dark EPR 
and LEPR of the 0- and 24 h-light-soaked blends were measured 3 times; those of the 8- and 16 
h-soaked samples were measured twice. The dark EPR of the PC70BM - and PBDTTT-EFT-only 
films, pristine and light-soaked, was measured 4 times.  
5.3. Results and discussion  
5.3.1. CW EPR measurements 
 Fig. 1 shows the molecular structure of PBDTTT-EFT and PC70BM. 
 
Fig. 1. Molecular structure of PBDTTT-EFT and PC70BM. 
EPR has been used for microscopic characterization of polymer:fullerene BHJ films and 
solar cells [43-47] including for studying charge accumulation sites in polymer [43] and small 
molecule [44] solar cells. The advantage of this method is the ability to directly observe spin 1/2 
charge carriers and other spin active sites. Since in our EPR measurements the modulation 
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frequency of the external magnetic field was 100 kHz, only carriers with lifetimes comparable to 
or longer than 10 µs were observable [42].  
In a magnetic field B0, the energy splitting ΔE between the parallel +1/2 and antiparallel -1/2 
spin states is given by [48] 
 ∆E = gµBB0 (2) 
where µB = eħ/(2me) = 9.27401×10−24 J/T = 5.78838×10−5 eV/T is the Bohr magneton and g is a 
factor that depends on the spin’s environment [48]; for free electrons g = 2.0023. From D-band 
(130 GHz) EPR the g-tensor components of the LUMO electrons in PC70BM were reported to be 
2.0060, 2.0028 and 2.0021 for gx, gy and gz, respectively [45,47], and for the HOMO holes in 
P3HT they are 2.0038, 2.0023, 2.0011 [45,47].  The g-factor for PC60BM obtained from X-band 
EPR was reported to be 1.9995 [46], i.e., significantly lower than that of PC70BM [45]. 
5.3.2. Dark CW EPR of polymer-only and fullerene-only films. 
Figs. 2(a) and 2(b) show the room temperature dark EPR of neat PBDTTT-EFT and PC70BM 
films, respectively, before and after 24 h of photodegradation, i.e., light soaking by exposure to 
100 mW/cm2 of light from a solar simulator in a nitrogen atmosphere, with no exposure to 
ambient air. As seen, there is an overlap in the dark EPR of the polymer- and fullerene-only 
films (see also Tables 2 and 3). However, the lineshapes are different, indicating that distinct 
spin-active defects are generated in both.  
Figs. 2(c) – 2(f) show the simulations of the dark EPR absorption spectra (i.e., integrals of 
the spectra shown in Figs. 2(a) and 2(b), which are the derivatives of the absorption spectra) of 
the polymer- and fullerene-only films by the sum of two Lorentzians [48]. We note that the 
experiments were conducted so that the amplitudes shown in the figures can be compared. 
Tables 1 and 2 summarize the g values, full width at half maximum (FWHM), amplitudes, and 
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spin densities of these Lorentzians for the polymer- and fullerene-only films, respectively. We 
note the following:  
(a) Spin counts based on Lorentzian fits are subject to significant errors (see below), as the area 
under a Lorentzian diverges as the limits of integration are extended to [-∞,+∞] [42]. They are 
also obviously very sensitive to the choice of background or offset level. Thus, spin counts from 
Lorentzian simulations are less reliable than those obtained by double integration of the 
derivative spectra, as only truncated Lorentzians are integrable [42]. 
(b) The EPR intensity also depends on the spin-lattice relaxation time T1 of the spins [42]. 
Hence, deducing relative spin counts by comparing the same EPR before and after degradation 
assumes that T1 has not changed significantly during degradation. In particular, deducing 
absolute spin counts by comparing to reference samples such as DPPH assumes that T1 in both is 
comparable.  
(c) Light-soaking does not generate any new type of spin-active defect, neither in the polymer-
only nor the fullerene-only films.  
(d) Finally, most importantly, the hallmark EPR of C dangling bonds at g = 2.0029 ± 0.0002 
[30-34] is clearly missing from both the polymer- and fullerene-only films. 
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 As seen from Figs. 2(c) and 2(e), and Table 1, following irradiation, the resonance lines of 
the polymer-only films strengthened significantly, with an overall increased spin count of ~ 5.5 
fold and ~88 fold for lines 1 and 2, respectively. From double integration of the EPR spectra, the 
total spin density of polymer-only films increases ~6 fold from 4.4×1018 to 2.6×1019 spins/cm3.  
Fig. 2. (a) and (b): The dark EPR of PBDTTT-EFT and PCBM films, respectively, before and 
following 24 h irradiation. (c) –(f): Lorentzian best fits of the dark EPR for as prepared and 24 h 
photodegraded PBDTTT-EFT- (c & e) and PC70BM- only films (d & f)  
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We note that the increase in the near mid gap defect states (at an energy of 0.87 eV) observed in 
the sub QE measurements of BHJ SCs was also 6 fold.  
Table 1. Lorentzian fits and total spin densities of the dark EPR for as-prepared and irradiated 
polymer, fullerene, and polymer:fullerene films. 
Photo-
degradation 
period (h) 
Lorentzian 
line # 
g factor 
FWHM 
(Gauss) 
Amplitude 
Spin 
density 
(cm-3) 
Total spin 
density from 
double 
integration/ 
cm3 
(2 weeks in 
the dark after 
degradation) 
Polymer       
0 1 2.0041 14.0 0.45 3.3×1018  
4.4×1018 
0 2 2.0007 2.1 0.04 4.1×1016 
24 1 2.0041 18.7 1.88 1.8×1019  
2.6×1019 24 2 2.0007 20.5 0.34 3.6×1018 
Fullerene       
0 1 2.0047 5.18 0.07 3.0×1017  
1.1×1018 0 2 2.0021 7.1 0.15 9.3×1017 
24 1 2.0047 10.8 0.42 3.9×1018  
6.5×1018 24 2 2.0014 7.5 0.45 2.9×1018 
Polymer: 
Fullerene      
 
0 1 2.0042 5.67 0.094 2.15×1018  
4.47×1018 
(4.53×1018) 
0 2 2.0018 5.04 0.132 2.08×1018 
0 3 1.9999 3.72 0.033 1.94×1017 
8 1 2.0054 13.15 0.416 1.51×1019  
2.74×1019 8 2 2.0024 7.59 0.43 9.04×1018 
8 3 1.9985 4.61 0.053 6.73×1017 
16 1 2.0062 15.37 0.795 3.38×1019  
4.92×1019 
(9.34×1018) 
16 2 2.0027 8.79 1.088 2.65×1019 
16 3 1.9985 6.87 0.186 3.54×1018 
24 1 2.0065 19.6 0.931 5.04×1019  
6.07×1019 
(9.64×1018) 
24 2 2.0027 9.22 1.11 2.82×1019 
24 3 1.9985 5.37 0.226 3.36×1018 
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 As seen from Figs. 2(d) and 2(f), and Table 1, following irradiation, the dark EPR of the 
fullerene-only films also strengthened significantly, with an overall ~6- and ~4.1-fold increase in 
the spin count of lines 1 and 2, respectively. From the double integration of the EPR spectra, the 
total spin density of fullerene-only films increased from 1.1×1018 to 6.5×1018 spins/cm3, a ~6 
fold increase. 
5.3.3. Dark CW EPR of the polymer:fullerene blend films. 
Fig. 3(a) shows the dark room-temperature CW EPR of PBDTTT-EFT:PC70BM blend films 
before and following 8, 16, and 24 h of light soaking; Fig. 3(b) shows the respective spin 
densities. Figs. 3(c)-(f ) show the simulations of the blends’ dark EPR spectra by a sum of three 
Lorentzians, and Table 4 summarizes the g values, linewidths, amplitudes, and spin counts of 
these Lorentzians.  As Fig. 3 and Table 1 show clearly, the line at g = 2.0027 rises rapidly during 
light-soaking. Indeed, in the pristine film (0 h of light-soaking) g = 2.0017, which is significantly 
lower than 2.0027, and even after light soaking for 8 h, g = 2.0024. We suspect that the spins 
responsible for the line at 2.0017 are significantly different from carbon dangling bonds, 
although they may be related to them. 
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After light soaking for 8 h, the total increase in the spin count was 6.1 fold, and their nature 
becomes very similar to a carbon dangling bond, and after light soaking for 16 h they are, from 
the X-band EPR standpoint, indistinguishable from such dangling bonds.  
 It is important to note that the location of the C dangling bonds is not yet fully established 
and may depend on the particular polymer. Theoretical and computational studies on other 
polymer: fullerene systems [24,36] suggest that they are located at the first carbon atom of the 
Fig. 3. (a) The dark CW-EPR of PBDTTT-EFT:PCBM films after light soaking for 
various periods at 290K and (b) the respective spin counts. (c) –(e) Lorentzian best fits of 
the dark EPR following 0, 8, 16, and 24 h of light soaking of PBDTTT-EFT:PC70BM 
blend films.  
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alkyl group that is bonded to the polymer backbone (the α carbon). A recent study on 
PTB7:PCBM [37] suggest that it is the first carbon of the alkyl group that is bonded to a bridging 
O atom. However, this latter case is not relevant to the PBDTTT-ETF system as evident from the 
polymer structure (Fig. 1).  The C dangling bonds are likely the traps near the D/A interface 
observed in the DOS measurements. We note that the DOS measurements indicated a 13 fold 
increase in the defect state density at the D/A interface; the increase in the spin count from the 
dark EPR of peak 2 was ×13.5 with the overall ×18.5(from the sum of the Lorentzians) increased 
spin count for 24 h irradiated blend film. We note that this increase is essentially identical to that 
of the total spin density obtained from double integrals of the EPR (Table 4), which is ×13.6.  
Note that Line 1 evolves significantly during irradiation, with g changing from 2.0042 to 2.0065. 
Importantly, though, the origin of this peak, whose spin count increased ~23-fold following 24 h 
photodegradation, to 5.0×1019, is currently unknown. The irradiation effect on Line 3 (g~1.999) 
is much smaller, as that g only evolves from 1.9999 to 1.9985. 
 It is interesting to note that the C dangling bond EPR weakens with time when the blend is 
kept in the dark. As Fig. 4 and Table 1 show, the EPR of the as-prepared film did not change, 
while the EPR of the 16- and 24-h light-soaked films weakened 5.3- and 6.3-fold, to 9.34×1018 
and 9.64×1018 /cm3 respectively, after 2 weeks based on the double integral data.  
 The change in the defects responsible for the Lorentzian at g ~ 1.999 is much smaller, as that 
g value only evolves from 1.9999 to 1.9985. We also do not rule out the formation of new spin 
active defects below the 1011 spins/Gauss limit of detection (LOD) of our X band EPR. Hence, 
higher frequency EPR is highly desirable to enhance the LOD and provide more detailed 
information on the g tensors that will enable evaluation of models of the nature of the spin-active 
defects. Moreover, trace oxygen related spin-active defects are not ruled out. 
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Table 2. The intensities of the Lorentzian components of the dark EPR of the 16- and 24-h light-
soaked blend films after 2 week storage in the dark.  
Photo-degradation 
period (h) 
Lorentzian 
Line # 
g 
factor 
FWHM 
(Gauss) 
Amplitude 
Spin density 
after 2 weeks 
16 1 2.0129 4.99 0.078 1.06×1018 
16 2 2.0049 5.74 0.19 3.06×1018 
16 3 2.0025 4.13 0.43 4.87×1018 
24 1 2.0105 13.5 0.054 1.99×1018 
24 2 2.0050 7.33 0.23 4.87×1018 
24 3 2.0025 4.54 0.45 7.97×1018 
Fig. 4. The dark EPR of the (a) 16- and (b) 24-hour light-soaked films immediately after light 
soaking (black lines) and after 2 weeks in the dark (red lines). (c) and (d) The Lorentzian 
simulations of these EPRs. 
(a) (b) 
(c) 
(d) 
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5.3.4. CW Light-induced EPR of polymer:fullerene blend films 
Fig. 5(a) shows the light induced EPR (LEPR, i.e., the difference between the EPR spectrum 
measured under illumination and the dark EPR) of the pristine and light-soaked PBDTTT-
EFT:PC70BM blend films. We note that the LEPR of the polymer- and fullerene-only films was 
unobservable at room temperature. This behavior is clearly due to the very low level (~2%) of 
SE dissociation [49] in such films, in sharp contrast to the massive dissociation of such SEs in 
the polymer:fullerene blends. 
As seen in Fig. 5(a), the amplitude of the LEPR of the blend generally increases with light 
soaking, however, as shown in Fig. 5(b), the LEPR spin counts decrease due to the general 
narrowing of the EPR lines. The reference film was not subjected to light degradation, except 
when the EPR was measured under illumination for 8 min.  
 Figs. 5(c) – 5(f) show the Lorentzian best fits for the LEPR following 0, 8, 16, and 24 h of 
light soaking for PBDTTT-EFT:PC70BM blend films. Table 3 summarizes the fitting results. The 
LEPR displays the holes generated by illumination on the polymer (g ~ 2.0071) and the electrons 
on the PC70BM (g ~ 2.0028). 
 The observed decrease of the LEPR intensity ILEPR with light soaking is likely due to a 
decreasing steady-state photocarrier density nc. This is probably due to an increasing density of 
light-generated carrier traps ntr: These traps are recombination centers, whose increased density 
decreases the PCE of the solar cells. Since ILEPR ∝ nc = Gcτc, where Gc and τc are the carrier 
generation rate and lifetime, respectively, as ntr increases, τc decreases. 
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Fig. 5. (a) The LEPR of PBDTTT-EFT:PCBM films after light soaking for various periods at 
290K and (b) the respective spincounts. (c)-(f): Lorentzian best fits of the LEPR following 0, 8, 
16, and 24 h of light soaking for PBDTTT-EFT:PC70BM blend films. 
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Table 3. Lorentzian fitting results of the LEPR for the as prepared and photodegraded 
polymer:fullerene blend films and the total spincount from double integrals. 
Photo-
degradation 
period (h) 
Lorentzian 
Number g factor 
FWHM 
(Gauss) Amplitude 
Spin density 
/cm3 
Total spin 
density ( double 
integration)/cm3 
0 1 2.0070 6.28 0.054 9.39×1017 8.02×1018 
0 2 2.0028 5.64 0.306 4.78×1018 
8 1 2.0075 16.37 0.052 2.34×1018 3.46×1018 
8 2 2.0025 4.60 0.222 2.82×1018 
16 1 2.0073 10.97 0.047 1.42×1018 2.93×1018 
16 2 2.0029 3.72 0.342 3.51×1018 
24 1 2.0075 11.81 0.045 1.48×1018 2.41×1018 
24 2 2.0028 3.21 0.424 3.76×1018 
 
5.3.5. Effect of UV and blue light. 
Electronic measurements showed increased stability when filters were used.  The 
transmittance range of the filters is shown in Fig. 6 below.     
 
Fig. 6. The transmittance for (a) 455nm filter and (b) 495 nm filter.  
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Fig. 7 shows the dark EPR of PBDTTT-EFT:PCBM films after 24 hours of photodegradation 
with a 455 nm and 495 nm filter. 
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Table 4. Lorentzian fitting results of the dark EPR for 24 h irradiated blend films with a 455 nm 
and 495 nm filter. 
Photo-degradation 
period (h) 
Lorentzian 
Number 
g factor 
FWHM 
(Gauss) 
Amplitude 
 
Spin 
density 
/cm3 
 
24 hr  455 nm filter 1 2.0050 11.2 0.216 5.8×1018 
24 hr  455 nm filter 2 2.0027 6.11 0.116 1.7×1018 
24 hr  455 nm filter 3 1.9997 12.8 0.035 1.1×1018 
24 hr  495 nm filter 1 2.0051 9.27 0.224 5.0×1018 
24 hr  495 nm filter 2 2.0028 4.43 0.118 1.3×1018 
24 hr  495 nm filter 3 2.0010 1.99 0.134 6.5×1017 
Without the filters, the carbon dangling bond intensity after 24 hours was 2.82×1019 spins/cm3.  
Consistent with the electronic measurements, the dark EPR showed that the DB spin density 
Fig. 7 The dark CW-EPR of PBDTTT-EFT:PCBM films after light soaking for 24hr at 290K with 
(a)455 nm and (b) 495 nm filter.  
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decreased ~16.6 -fold with the 455 nm filters, and even slightly more (~21.7 –fold) with the 495 
nm filter as shown in table 4.  Overall, filtering out light below 455 nm significantly reduces the 
short-term instability of the PSCs.  
5.3.6. C DB generation mechanism. 
It is well-known that breaking an isolated C-H bond requires >4.0 eV [24,35].  Yet this 
study indicates that even 495-455 nm photons, with energy 2.51-2.73 eV, have a finite 
probability of breaking such bonds. We therefore consider two mechanisms for such bond-
breaking: (i) Exciton annihilation by polarons, which absorb the exciton energy to become highly 
energized hot polarons with energy sufficient to break the C-H bond. This mechanism was 
invoked to account for the severe degradation of blue OLEDs [41].  As the energy of an electron 
in the PC70BM LUMO is ~1.3 eV above the PBDTTT-EFT HOMO, that electron would need to 
annihilate the 2.5-2.73 eV SE before that exciton dissociates by electron transfer to PC70BM. Yet 
this dissociation is extremely fast (<1 ps) [50]. Hence we rule out this mechanism.  (ii) Direct 
photon absorption by a LUMO electron in PC70BM (or a HOMO hole in PBDTTT-EFT), i.e., a 
photoinduced absorption process by polarons in the polymer:fullerene blend. Polaron bands in 
photoinduced absorption spectra are well documented [51], and such a process would create a 
hot polaron with energy >1.3 + 2.51 = 3.81 eV, i.e., sufficiently close to the 4.0 eV threshold for 
a finite probability to break a C-H bond, and more than sufficient for C-H bonds within an 
organic molecule or polymer [24,35,36].  
5.4. Conclusions  
Via dark EPR and broad electronic measurements we present strong evidence for largely 
blue/UV (<495 nm) photogeneration of metastable C DBs (g=2.0029±0.0004) in PBDTTT-EFT: 
PC70BM blends, most likely at the D/A interface, which strongly contribute to degradation of 
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BHJ PSCs without their exposure to the ambient.  This observation is consistent with theoretical 
studies that suggest light-induced degradation of such cells due to C-H bond 
straining/rearrangement/breaking.  Since C-H bond breaking requires >4 eV, processes other 
than blue/UV light absorption by the polymer are required for DB formation.  Hot polarons 
generated by photon absorption at <495 nm by the fullerene LUMO or polymer HOMO polarons 
present a significant probability of breaking such bonds.  The electronic and EPR measurements 
provided, respectively, the density of trapping states throughout the gap and spin counts of 
defects and generated charges.  While the spin count in dark EPR increased with irradiation, the 
LEPR spin density decreased due to the increased trap sites that act as recombination centers, 
leading to shorter polaron lifetimes and consequently lower steady-state densities under 
illumination. 
In agreement with the dark EPR results, DOS measurements showed a significant 
increase in midgap states at the D/A interface which resulted in increased charge trapping and 
recombination, reduced carrier collection efficiency at the electrodes, and hence decreased Jsc, 
Voc, FF, hole mobility, and PCE of PSCs.  An increase in deep defect states observed in subgap 
QE measurements was consistent with an increase in spin-active defects in the polymer-only 
films observed in the dark EPR, which indicated also such an increase in fullerene-only films.  
We note that the 13-fold increase in the D/A DOS is very similar to the increase in the C DB spin 
density (13.5-fold) following 24 h of irradiation.  Similarly, the 6-fold increase in the sub QE 
defect states in the polymer is similar to the related increased spin density.  Using optical filters 
to cut the UV and blue light <495 nm greatly improves the short-term stability of the solar cells 
and reduces the DB spin density. Importantly, a decrease in the DB density was observed by 
keeping the degraded films in N2 in the dark.  Minor structural rearrangements and oxygen 
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impurities that generate defect states, though at a level that is insufficient to affect the measured 
absorption and morphology, cannot be ruled out.  
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CHAPTER 6: SUMMARY 
Chapter 1 provides an introduction to organic solar cells (OSCs) and discusses their 
potential as flexible, lightweight and low cost energy sources. Additionally, a brief introduction 
to degradation processes in OSCs is given.  Chapter 2 covers the experimental setup and 
characterization techniques of the OSCs. Chapters 3 to 5 provide our results and discussion. In 
chapter 3, it is shown that using Bphen (4,7-di(phenyl)-1,10-phenanthroline) as an electron 
transport layer in inverted OSCs with cesium salts enhances both the power conversion 
efficiency (PCE) and stability.  Devices with the structure of ITO/CsCl or 
CsI/Bphen/P3HT:PCBM/MoO3/Al exhibit superior performance to those without Bphen and to 
those with Bphen, but without the cesium halide (P3HT is poly 3-hexylthiophene, PCBM is 
[6,6]-phenyl-C60-butyric acid methyl ester and MoO3 is Molybdenum(IV) oxide).  Addition of a 
Bphen layer on the Cs halide layer in ITO/CsCl/P3HT:PCBM/MoO3/Al resulted in a 46% 
improvement in the PCE, increasing it from 2.5 % to 3.7%.  The PCE of unencapsulated cells 
with the structure ITO/CsCl/BPhen/P3HT:PCBM/MoO3/Al decreased by less than 2% in over 3 
weeks, whereas for cells with the structure ITO/CsCl//P3HT:PCBM/MoO3/Al, the PCE 
decreased by over 50% in the same time period.  Bphen acts as an exciton and hole blocking 
layer and enhances the PCE of OSCs by blocking excitons that would be otherwise quenched at 
the organic/ITO cathode.  Blocking holes reduces recombination at the ITO electrode leading to 
photocurrent enhancement.  Moreover, the blocked excitons can dissociate and contribute to 
photocurrent improving the short circuit current (𝐽𝑠𝑐) and hence the PCE. Also, the cesium from 
the cesium halide dopes Bphen and enhances its electron transport property. Charge extraction 
was enhanced in the presence of Bphen.  Bphen may also enhance the stability of the OSCs by 
separating the P3HT:PCBM from the oxygen that was shown to be present in such inverted cells 
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at the Cs halide layer. Another possibility is reducing degradation induced by the energy released 
by electron-hole recombination.  Adding a polystyrene beads (PSB) layer on the blank light 
incident side of an OSC substrate enhances the performance of deteriorated cells; for example 
without a PSB film, solar cells deteriorated by an average of 36.8% in a period of 2 weeks, but 
addition of the PSB improved its PCE to within 10% of the original value.  This enhancement is 
due to an increase in light absorption, which resulted in an enhancement in Jsc and PCE.  This 
behavior was attributed to light direction and scattering by the beads that enhance the absorption 
in the active OSC layer.  
Chapters 4 and 5 explore degradation processes in poly[4,8-bis(5-(2-ethylhexyl)thiophen-
2-yl)benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-
b]thiophene-)-2-carboxylate-2-6-diyl)] (PBDTTT-EFT) films and SCs.  PBDTTT-EFT is a low 
band gap, highly efficient polymer with PCEs up to 9% for OSCs with a standard structure and 
10% for OSCs with an inverted structure.  However, it has been shown that PBDTTT-EFT-based 
OSCs degrade under heat and in chapters 4 and 5, an investigation of the cells short-term 
photodegradation (with up to 24 hours of light irradiation) is reported.  Results of electronic 
measurements are discussed in chapter 4. It is shown that a change in the fundamental properties 
of the PSCs occurs upon irradiation. There was a 77% decrease in the PCE from 8.7% to 2%; 𝐽𝑠𝑐 
decreased by 55% of the initial value, Voc by 23%, and FF by 35% following 24 h of light 
exposure.  EQE measurements showed a decrease in charge extraction, which may have been 
partially due to the observed, via space charge current limited mobility measurements, reduction 
in hole mobility. Density-of-states (DOS) measurements showed a significant increase in midgap 
states at the interface between PBDTTT-EFT and PCBM (~0.55–0.65 eV above the polymer’s 
HOMO level). The observed midgap states lead to increased charge trapping and recombination, 
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reducing carrier collection efficiency at the electrodes, and resulting in a decrease in Jsc, FF, hole 
mobility, and the PCE. Furthermore, an increase in recombination at the D/A interface results in 
the reduction of the Voc.  Subgap QE measurements showed an increase in deep defect states in 
the polymer (at incident energies in the range of 0.87 to 1.1 eV).  The use of UV  (< 455 nm) and 
blue ( < 495 nm) filters showed a great improvement in the short-term OSC stability 
demonstrating that blue and UV light were largely responsible for the observed OSC 
photodegradation. 
Dark continuous wave (CW) electron paramagnetic resonance (EPR) measurements 
shown in chapter 5 provide for the first time experimental evidence for the formation of 
metastable C dangling bonds (DBs) (g=2.0029±0.0004) by blue/UV irradiation of 
polymer:fullerene blend films in nitrogen.  The DB density decreased ~ 4 fold after being kept in 
the dark for two weeks.  The dark EPR results indicate that the DBs were at the bulk 
heterojunction donor-acceptor interface, as they were not present in neat polymer and fullerene 
films.  The spin density of the blend films decreased with light exposure most likely due to a 
decreasing steady-state photocarrier density caused by an increasing density of light-generated 
carrier traps, in agreement with electronic measurements.   Consistent with the electronic 
measurements, the dark EPR showed that the DB spin density decreased 16.6 -fold with the 455 
nm filter, and even slightly more (~21.7 –fold) with the 495 nm filter.  Overall, filtering out light 
below 455 nm significantly reduces the short-term instability of the PSCs. Most likely, the C 
DBs were created by direct photon absorption by a lowest unoccupied molecular orbital 
(LUMO) electron in PC70BM (or a highest occupied molecular orbital (HOMO) hole in 
PBDTTT-EFT).  Such a process would create a hot polaron with energy >1.3 + 2.51 = 3.81 eV 
that is sufficiently close to the 4.0 eV threshold for a finite probability to break a C-H bond.  The 
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results were consistent with theoretical studies that suggested light-induced degradation of 
organic solar cells due to C-H bond straining/rearrangement/breaking.  
Future work will continue in making new polymers with both a higher efficiency and 
stability in sunlight and in ambient atmosphere. Furthermore, work is being done to develop new 
OSC architectures and optical approaches that enhance the efficiency and stability of the existing 
polymers.   
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